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AdS alphahydroxy-dehydrosphingosine  
AGC automatic gain control 
AH alphahydroxy-6-hydroxysphingosine  
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HPLC 
automated multiple development high performance liquid 
chromatography 
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Introduction 
Skin as the largest human organ, and especially its outermost layer, the stratum 
corneum, fulfills a number of vital functions which are all related to the interaction with 
or the protection from what is outside of us with respect of what is inside. The main 
skin function is to act as a barrier to keep in what must stay in, and keep out what 
should stay out. It is our armor which – in most instances - serves us faithfully for an 
entire lifetime: adapting to our growth, yielding to our motion, constantly renewing 
itself and healing when wounded.  
The barrier properties of stratum corneum are based upon its anatomy and 
physiology. Physiology is derivative of skin anatomy. Skin anatomy in turn is based 
on its molecular composition. One major component of the SC is lipids. Current 
consensus dictates that SC lipids are comprised mainly of ceramides, cholesterol and 
free fatty acids (FFA) in a 1:1:1 ratio (Coderch et al., 2003; Jungersted and Agner, 
2013; van Smeden et al., 2014; Sahle et al., 2015).  
Lipid nomenclature as adopted from Fahy and colleagues (Fahy et al., 2005, 2008) 
ascribes the above lipids to lipid classes. Ceramides themselves occur in many 
variations differing in their degree of saturation and number of hydroxyl groups 
(ceramide sub-classes), the total carbon chain length (ceramide species), as well as 
the exact number of carbon atoms in the constituent long chain base (LCB) and fatty 
acid (FA) (ceramide sub-species). Ceramide sub-classes herein are referred to 
according to the nomenclature by Motta and colleagues (Motta et al., 1993). A 
comprehensive illustration of all ceramide sub-classes has been adapted from 
Smeden and colleagues (van Smeden et al., 2013) (Figure 1).  
In some cited publications the previous nomenclature based on ceramide polarity is 
used. A translation between the two nomenclatures has been adapted from Rawlings 
et al. (Rawlings, 2003) and is presented in Figure 2. 
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Figure 1. Molecular structure of all ceramide sub-classes. Figure adapted from 
supplementary material in (van Smeden et al., 2013). 
 
Figure 2. Polarity based ceramide nomenclature vs. the new structure-based ceramide 
nomenclature. Figure adopted from Rawlings (Rawlings, 2003). 
Another source of lipids on the skin surface is sebaceous glands. Perhaps for 
historical and technological reasons, sebaceous lipids were rarely considered 
alongside SC lipids proper. Closing this gap and understanding skin surface lipid 
composition irrespectively of source of origin has been a goal for this work. Knowing 
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better the molecular composition of SC and sebaceous lipids would not only greatly 
facilitate our understanding of skin physiology, but is a prerequisite to characterize 
skin disorder according to their impact on skin lipids.  
Herein, an attempt was made to understand how the amount of skin surface lipids 
varies in healthy subjects. We assessed how lipids change with respect to sampling 
depth. Further, we analyzed lipid variability according to anatomical site. Finally, we 
analyzed lipid variability in samples from one anatomical location collected from 104 
subjects. 
In order to draw conclusions on “natural” lipid variability, all other causes needed to 
be considered and either eliminated or controlled. Foremost, what we measure 
should most faithfully reflect what is actually in skin. Therefore, the impact of the 
analysis method on our perception of skin lipid composition was carefully considered, 
and the method itself validated before use. The next factor taken into account were 
stimuli originating in the environment and impacting directly, mechanically and 
physio-chemically skin surface lipid composition. We attempted to exclude or at least 
control impacting factors as well we could. Finally, skin diseases, arguably classified 
as internal factors could potentially influence skin lipids. Therefore, only 
dermatologically healthy subjects were included to the study.  
In the following section of the introduction, the reader is familiarized with basic skin 
architecture. Histological and wet chemistry-based studies provide a good insight into 
the design of the skins’ topmost layers. Based thereupon, the anatomy of human skin 
will be introduced, with a focus on stratum corneum as well as sebaceous glands. 
The next section is dedicated to introducing the methods which were employed for 
skin lipid measurement. It will describe skin sampling techniques, ways to extract 
lipids from the samples, followed by an account of what means of lipid analysis have 
been used for lipid identification, and closing by describing methods to quantify lipids. 
The third and final section of the introduction lays out the biological questions that we 
want to answer and the strategy selected to address them. 
The next chapter features material and methods employed in course of method 
development, validation and the lipidomic study proper, followed by the chapter 
incorporating all relevant results for the study. 
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The thesis closes with a discussion on the validity and applicability of the analytical 
method employed, discusses findings of the three individual parts of the skin 
lipidomic survey and presents conclusions based on the study as a whole.  
Architecture of the human shell 
Skin is a multilayered organ comprised of the dermis and epidermis, which are 
separated by the basement membrane (Wickett and Visscher, 2006). Each layer 
fulfills specific functions in the maintenance of chemical homeostasis of the human 
body. The collagen-rich dermis provides tensile and elastic properties to skin 
(Breitkreutz et al., 2009), whereas the basement membrane is a site for intense 
angiogenesis and as such provides sustenance to the epidermis. The epidermis in 
turn is the seat for the skins barrier properties, preventing excessive evaporative 
water loss as well as intrusion of exogenous agents such as microorganisms or other 
environmental agents.  
The epidermis is a tissue, constantly renewing itself in a combined process, of cell 
differentiation, vertical migration and desquamation. In course of this process 
keratinocytes at the basement membrane constantly divide, migrate towards the skin 
surface to differentiate into corneocytes (Bouwstra and Ponec, 2006). Corneocytes 
are flat, dead, keratin filled cells interlocked with one another through 
corneodesmosomes. They constitute a mechanical barrier to external physical insult. 
The simultaneous cell differentiation and migration process functionally define the 
stratification of the epidermis into several layers: the stratum spinosum, stratum 
granulosum and stratum corneum (van Smeden et al., 2013). In the process, the 
interstitial spaces between the cells are filled with lipids, mainly ceramides, free fatty 
acids and cholesterol in near equimolar ratio (Helms et al., 2006). Granulocytes 
extrude vesicles called lamellar or Odland bodies, containing large quantities of 
stacked lipid bilayers of glucosylceramides and sphingomyelin (Rabionet et al., 
2013). These two lipid classes are both precursors to ceramides, which are 
generated in two distinct synthesis pathways (Coderch et al., 2003). Alongside with 
free fatty acids and cholesterol they constitute the three major components of the 
topmost epidermal layer, the stratum corneum (Coderch et al., 2003; Jungersted and 
Agner, 2013; van Smeden et al., 2014; Sahle et al., 2015). 
The manner in which lipids are interspersed between corneocytes is frequently 
referred to as Brick and Mortar Model (Wu et al., 2006; Elias et al., 2008; Sahle et al., 
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2015). Progress in analytical means available shed further light into the spatial 
arrangement of lipids within the mortar, generating molecular models based on 
different experimental methods (Jungersted et al., 2008). 
Some proponents suggested that lipids in the stratum corneum exist as non-
homogenous mass of lipids in crystalline phase surrounded by lipids in gel phase in a 
mosaic domain fashion (Forslind, 1994). Others have argued that lipids do occur as a 
single gel phase (Norlén, 2001). Yet others propose a sandwich model, according to 
which lipids form highly ordered bilayers with alternating periodicity and membrane 
fluidity (Bouwstra et al., 2000). Irrespectively of the lipid fluidity and lateral packing, all 
models are based on the lipid composition of equimolar ceramides, FFAs and 
cholesterol. 
The second source of skin surface lipids is sebaceous glands, which are part of each 
hair follicle. They reside deep within the hypodermis at a depth of about 600 m, and 
secrete sebum through the hair duct onto the stratum corneum surface (Vogt et al., 
2007). Hair follicles are near ubiquitous on the human body surface, however 
regional variation in follicle density have been reported. Foremost, the face and 
neckline region seem particularly densely populated (Mills, Jr. and Kligman, 1983). 
Sebum lipids are mostly comprised of TAG wax esters squalene, cholesterol and its 
esters, as well as DAG (Nicolaides, 1974; Pappas, 2009). The function of sebum 
remains a debated issue. Some accredit an important role for sebum in the 
distribution of vitamin D and other antioxidants into the epidermis (Lademann et al., 
2009). Moreover, it has been shown in mice that knockout mutants incapable of 
producing sebum suffered from alopecia (Zheng et al., 1999). However, it is also 
known that excessive sebum secretion is one leading cause in the pathogenesis of 
acne (Zouboulis, 2004). The quantity of secreted sebum has also been correlated 
with functional skin parameters, such as transepidermal evaporative water loss 
(TEWL) (Conti et al., 1995).This goes to show that sebum is an abundant lipid 
mixture present on the epidermal surface and involved in numerous physiological and 
pathophysiological processes. 
It was understood early that on the skin surface, sebum lipids are tenfold more 
abundant than stratum corneum lipids proper (Greene et al., 1970). Despite their 
abundance on the skin surface, until today sebaceous lipids have not been regarded 
as part of the 1:1:1 model. 
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Measuring skin lipid composition 
Measurement of skin lipids entails four main steps: skin sampling, extraction, 
identification and quantification.  In course of the last 50 years several approaches to 
each step were developed and applied in different combinations. 
Skin sampling 
Sampling preparation and sampling proper influence all important method 
parameters, such as spatial resolution, potential for quantification, throughput and 
invasiveness. 
Skin sampling begins with the preparation of both the subject and the sampling. 
Subjects for prospective skin sampling were usually asked to abstain from application 
of topical drugs (Williams and Elias, 1981) and hygienic and cosmetic practice for 
variable amounts of time prior sampling (Norlén et al., 1999).  
Sampling site preparation would involve cleaning the sampling site to exclude 
exogenous substances from analysis, or removing topmost skin layers when lipids of 
deeper skin layers were to be sampled. The cleaning of the sampling site could occur 
via simple soap wash (Greene et al., 1970), but mostly it involved wiping the site with 
paper towels soaked with organic solvents, such as ethanol (Bonté et al., 1995) or 
cyclohexane (Norlén et al., 1999). On occasion, removal of the topmost skin layers 
was achieved via tape-stripping (Norlén et al., 1999). 
Several different strategies have been employed for sampling proper. Some lipid 
measurements were obtained using post mortem (Williams and Elias, 1981; Lampe 
et al., 1983b) or post-surgery full-thickness explants (Lavrijsen et al., 1994; Pilgram et 
al., 2001). Full-thickness skin explants allow the analysis of all the lipids present in 
the epidermis and parts of the dermis. Processing of skin explants by mechanical 
removal of subcutaneous fat and separation of epidermal layers using staphylococcal 
toxin (Williams and Elias, 1981) or trypsinization (Bonté et al., 1995, 1995) allowed 
exfoliation and analysis of defined epidermal layers such as stratum granulosum or 
stratum corneum. This sampling technique was mostly employed for lipid 
identification and only relative lipid quantification per sample was pursued. Necessity 
of sample processing before analysis limited analysis throughput. 
Another sampling method combined the sampling step with subsequent extraction (in 
situ extraction). An organic solvent was applied to the sampling area for a defined 
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time under a cylinder (Greene et al., 1970; Bonté et al., 1997; Norlén et al., 1999). In 
one instance, a device was constructed stirring the solvent in the cylinder to increase 
extraction efficiency (Vietzke et al., 1999). Alternatively, a solvent was used to rinse 
the site and was collected for analysis (Long et al., 1985). After collection, the large 
extract volumes were submitted to evaporative concentration. Lipid quantification 
occurred relative to external standards and in relation to extraction surface area. 
Sampling skin via scrape biopsy allowed investigation of stratum corneum without the 
need to process full-thickness skin samples (Williams and Elias, 1981; Motta et al., 
1993). Lipid quantification was performed with reference to the gravimetrically 
determined initial sample mass. 
Collection of skin samples using cyanoacrylate covered glass slides (Imokawa et al., 
1991; Di Nardo et al., 1998) or via tape-stripping or (Masukawa et al., 2008, 2009; 
van Smeden et al., 2014) offered the highest control of sampling spatial resolution, 
as collection of only a few skin layers from a defined depth was achievable by 
sequential sampling at the same site (Lavrijsen et al., 1994; Rogers et al., 1996; 
Weerheim and Ponec, 2001). A number of different brands of adhesive tapes such as 
D-Squame, Blenderm or Corneofix have been used for sampling (Breternitz et al., 
2007). Between 3 and 10 tapes were used to sample skin for one measurement. 
Lipid quantification occurred via internal standards relative to protein content 
determined in extract from half the tapes taken (Masukawa et al., 2009) or as 
molpercent per sample (van Smeden et al., 2014). 
Different sampling preparation procedures were used in different combinations with 
various sampling techniques and sampling processing steps. A summary of those 
combinations is presented in Table 1. 
Among all sampling methods, tape-stripping offered the highest spatial control, the 
most comparable material amounts as well as superior ease of handling and minimal 
invasiveness. A considerable experimental challenge however remains due to the 
susceptibility of polymeric tapes and adhesives to organic solvents, causing extract 
contamination in the process. 
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Table 1: Skin sampling methods including subject and sampling site preparation and 
pre-analysis sample processing in order of first appearance 
Preparation Collection Sample processing Literature 
soap wash hexane in cylinder evaporative concentration (Greene et al., 
1970) 
post mortem subjects 
 
full thickness 
explants 
staphylococcal exfoilatin SC 
separation 
(Williams and 
Elias, 1981) 
4 weeks topically 
untreated 
scrape biopsy manual removal of hairs (Williams and 
Elias, 1981) 
post mortem subjects 
 
full thickness 
explants 
scraping off sub-cutaneous 
fat + trypsinisation yielding 
SC sheets 
(Lampe et al., 
1983b) 
n.d. “sun-burn peel off” n.d. (Lampe et al., 
1983b) 
n.d. rinsing of sampling 
site with 250 ml 
absolute ethanol 
evaporative concentration (Long et al., 
1985) 
n.d. rinsing orthopeadic 
cast liners with 
ethanol 
n.d. (Long et al., 
1985) 
n.d. ca. 5 SC layers 
removed with 
cyanoacrylate resin 
on glass 
none (Imokawa et 
al., 1991) 
n.d. sequential skin 
scraping 
n.d. (Lavrijsen et 
al., 1994) 
cleaning with paper 
towel soaked with 
30% ethanol 
three consecutive in 
situ extractions with 
“non-irritant” solvent 
evaporative concentration (Bonté et al., 
1995) 
n.d. sequential tape-
stripping (Tape 
1601, Hadleigh) 
removal of corneocytes via 
sonification in methanol 
(Rogers et al., 
1996) 
sequential tape-
stripping (D-Squame, 
CUDERM) 
in situ extraction in 
between the 
strippings with 
cyclohexane/ethanol 
evaporative concentration (Bonté et al., 
1997) 
no washing for three 
days prior sampling; 
cleaning site with 
cyclohexanefollowed 
by 15 tape-strippings 
in situ extraction with 
hexane/isopropanol 
evaporative concentration (Norlén et al., 
1999) 
n.d. stirred in situ 
acetone/ethanol 
extraction 
evaporative concentration (Vietzke et al., 
1999) 
n.d. 18-20 tape-
strippings 
(Leukoflex, 
Beiersdorf) 
none (Weerheim and 
Ponec, 2001) 
n.d. 3 or 10 
polyphenylene 
sulfide tapes 
(Nichiban) 
evaporative concentration (Masukawa et 
al., 2008) 
9 
 
Methods of sampling sebum included wiping the sampling site with solvent soaked 
cotton pads or by rinsing the sample site with a solvent (Nicolaides, 1974). Others 
applied lipid absorbent paper to the sampling site for a time span of 3 hours (Pochi et 
al., 1979). Instead of paper, bentonite clay was used (Harris et al., 1983). For 
determination of total sebum amounts as well as determination of sebum 
constituents, adsorbent cigarette papers or adhesive tape was used (Pagnoni et al., 
1994; Conti et al., 1995; Wendling and Dell’Acqua, 2003; Camera et al., 2010; 
Shetage et al., 2014; Camera et al., 2016). 
Lipid extraction 
Near all analytical means require an analyte to be delivered in solution. In theory, 
lipids are soluble in a wide variety of organic solvents, depending on analyte polarity 
(Reichardt and Welton, 2011). However, depending on the sampling method, they 
need to be extracted from the skin tissue in situ, or ex vivo, implying different 
constraints on the extraction protocol. 
A mayor constraint for in situ skin surface lipid extraction was the safety of the 
subject subjected to sampling. The solvents used for this purpose included hexane 
(Greene et al., 1970), absolute ethanol (Long et al., 1985), mixtures of cyclohexane 
and ethanol (Bonté et al., 1997), n-hexane and isopropanol (Norlén et al., 1999) and 
acetone/ethanol (Vietzke et al., 1999). While in situ extraction is the most direct 
manner to deliver skin surface lipids to analysis, the safety of the method remained a 
concern. 
Ex vivo samples such as scrape biopsies or processed full thickness skin explants do 
not impose above restrictions on extraction. Hence, numerous extraction systems 
were used to solubilize skin lipids in this type of samples. The most widespread 
systems were the ones also applied in lipid analysis of other tissues, utilizing a two- 
step, two-phase chloroform methanol and water systems (Folch et al., 1957; Bligh 
and Dyer, 1959), and modifications thereof ((van Smeden et al., 2011) using method 
of (Thakoersing et al., 2009)). 
The other type of ex vivo samples entails the application of an adhesive sample 
carrier. In cases where the carrier was a glass slide (Imokawa et al., 1991; Ghadially 
et al., 1995; Röpke et al., 1996; Boiten et al., 2016) the same stringent extraction 
systems were possible as for ex vivo samples. However, extraction of adhesive tapes 
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has long proven prohibitive to all established organic solvent systems (personal 
communication Joachim Fluhr, William Rizzo). The application to chloroform 
containing solvents chemically dissolves polymeric tapes upon contact, rendering the 
extract inhomogeneous in consistency. Direct mass spectrometric analysis of such 
extract was difficult thus far. 
Nevertheless, owing to benefits of sampling skin via tape-stripping much effort was 
invested into finding a working tape-solvent system. Eventually, the combination of a 
particular polyphenylene sulfide film tape (Nichiban, Tokyo) and extraction with pure 
methanol yielded satisfactory results for LC-MS analysis (Masukawa et al., 2008). 
This tape withstood the extraction with a modified Bligh and Dyer protocol 
(Thakoersing et al., 2009; van Smeden et al., 2011) and was used successfully in a 
number of studies since (Janssens et al., 2011; Ishikawa et al., 2013; van Smeden et 
al., 2014; Jia et al., 2016). Unfortunately, the manufacturer has discontinued 
production, the stocks are depleted, and hence unattainable for a wider scientific 
community. 
Like SC lipids, sebaceous lipids were extracted using various organic solvents such 
as ether (Harris et al., 1983; Camera et al., 2010; Shetage et al., 2014; Camera et al., 
2016). 
All in all, bringing skin lipids into solution has not been a problem per se. Finding an 
extraction system stringent enough to extract all lipids, but mild enough to be 
compatible with the sampling very much so. 
Lipid identification 
The most fundamental parameter of an analytical method is sensitivity. It translates 
into the number of lipid classes that can be identified with high confidence and define 
the ability to distinguish between similar analyte constituents, like lipid species 
belonging to the same lipid class, or molecular variations of one lipid species.  
Lipids have been analyzed systematically since the mid of the last century. The main 
analytical method used to assess skin lipids was thin layer chromatography (TLC), 
whereby analyte constituents were separated by an organic solvent according to their 
attraction to the stationary phase and specific solubility in the solvent.  The separated 
analytes were visualized by spraying the plate with an agent that would adhere to or 
react with them and be detectable optically (Ramachandran, 1963). 
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The method was continuously improved to increase its sensitivity and thereby lipid 
coverage. Consecutive application of three different mobile phases – hexane, 
benzene and hexane:benzene:acetic acid (70:30:1) - were used to visualize TAGs, 
DAGs, cholesterol, cholesterol ester, wax esters and squalene and free fatty acids. 
(Greene et al., 1970). 
In the mid-1970s human epidermal extracts were separated on a silica column by 
TLC-monitored elution with various solvents. The fraction containing ceramides was 
collected and separated on TLC with diethyl ether followed by 
chloroform/methanol/water (40:10:1) into 5 distinct ceramide sub-classes (Gray and 
White, 1978). In the ceramide fraction, long chain bases were hydrolyzed and 
analyzed via gas chromatography, yielding the first structural information about 
carbon chain length in ceramides. By the end of the decade, application of sequential 
TLC on differing silica plates (Merck silica gel G and H) elution conditions were found 
to separate 8 different ceramide sub-classes (Elias et al., 1979), and this was not 
achieved again until 15 years later. Variation coefficients during TLC ranged between 
1.8 and 10%, with limits of detection between 23 and 115 ng per sample (Raith et al., 
2004). 
The advent of mass spectrometry in skin lipid analysis began in the early 1980s and 
increased sensitivity enough to readily identify fatty acids of various lipid classes. 
This technology ionizes sample constituents and separates them according to 
mass/charge ratio. In a tandem mass spectrometry setup (MS/MS) ions can be 
fragmented into parts characteristic for the specific lipid by collision-induced 
fragmentation yielding detailed structural information. 
In 1983 mass spectrometry was applied as an auxiliary method to investigate the 
fatty acid composition of TAG, FFA, CE, wax esters, and ceramides (Lampe et al., 
1983a). However, TLC remained the method of choice in the 1983s. Sequential TLC 
for instance was used to determine the range of fatty acid chain lengths of the 6 
ceramide sub-classes (Long et al., 1985). Using the same approach, a study 
comparing sebum and SC lipids analyzed ceramide sub-class EOS fatty acid 
composition in a saponified TLC fraction (Perisho et al., 1988). The number of 
ceramide subspecies detectable by TLC rose to seven (Motta et al., 1993) and eight 
shortly thereafter (Lavrijsen et al., 1994), confirming results last achieved in 1979 
(Elias et al., 1979).  The technology was improved through the introduction of 
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automated multiple development high performance liquid chromatography AMD-
HPLC allowing for easier sample handling and higher resolution through variable 
mobile phase polarity (Bonté et al., 1995). A combination of high pressure liquid 
chromatography and sequential TLC was applied to revisit the fatty acid composition 
of the EOS with respect to age (Rogers et al., 1996). Gas chromatography was 
employed for determining free fatty acid length with respect to sampling depth (Bonté 
et al., 1997).  
Around that time electrospray ionization tandem mass spectrometry (ESI-MS/MS) 
was applied to fragment NS and NP ceramides (Gu et al., 1997). Subsequently, 
structural studies of ceramides came into the research focus of several groups. Using 
ESI-MS/MS on several synthetic ceramides, optimal settings for ceramide ionization 
were investigated and fragmentation pathways proposed (Raith and Neubert, 1998).  
Attempts were undertaken to apply HPLC coupling to light scattering detection for 
skin lipid analysis. This resulted in separation of squalene, cholesterol ester, TAG, 
DAG, FFA, cholesterol and ceramide, albeit without the capability to resolve all 
ceramide-sub-classes (Norlén et al., 1998). Free fatty acids in this study, however, 
were analyzed by liquid chromatography followed by mass spectrometric detection, 
resulting in discovery of a characteristic FFA profile. 
Integration of fragmentation with precursor data in a HPLC-ESI-MS/MS system 
allowed for the identification of individual ceramide species (Vietzke et al., 1999). 
This approach was termed two-dimensional separation, whereby the first dimension 
refers to retention time, and the second to mass-to-charge ratio. The characteristic 
fatty acid profile of ceramides with abundant even-length and less abundant odd 
length carbon chains was established for seven ceramide sub-classes. With that 
method TLC bands have for the first time been ascribed to defined molecular 
composition (Vietzke et al., 2001). Meanwhile a ninth ceramide sub-class was 
resolved using a combination of nuclear magnetic resonance spectroscopy, HPLC 
and gas chromatography (Ponec et al., 2003). 
The next ceramide sub-classes were discovered via mass spectrometry. In 2008 
Masukawa and colleagues introduced and validated a lipidomic platform for 
investigation of skin ceramides in samples collected via tape stripping (Masukawa et 
al., 2008). It was based on normal phase liquid chromatography (NPLC) coupled to 
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ESI-MS/MS and was sensitive enough to resolve 11 out of the now confirmed 12 
ceramide sub-classes. Each sub-class was represented by 3-14 species. The 
distinction of sub-species was achieved due to the annotation of fragment ions to 
their specific precursors. A total of 342 ceramide sub-species were identified. 
Inspired by Masukawa and colleagues, a Dutch group developed a method for 
ceramide quantification based on normal phase liquid chromatography coupled to 
atmospheric pressure chemical ionization (APCI) mass spectrometry (van Smeden et 
al., 2011). The authors claimed superior method sensitivity due to the application of 
NPLC prior analysis resulting in lower ion suppression. The claim was supported by 
the discovery of the 12 hitherto confirmed ceramide sub-class. Additionally, the 
method features a runtime of 12 minutes per sample and a lower limit of 
quantification comparable to the method of Masukawa and colleagues. Precursor ion 
fragmentation was applied to detect ceramide sub-species. Moreover, the group 
further developed the platform to include analysis of cholesterol and FFA (van 
Smeden et al., 2014), whereby cholesterol was analyzed alongside the ceramide 
fraction of the extract via NPLC, and FFA were separated on a reverse-phase liquid 
chromatography column before APCI-MSMS. 
 
Figure 3: Impact of technology development on analysis depth of lipids. Figure 
adapted from Shevcenko and Simons (Shevchenko and Simons, 2010). 
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Recently skin lipids were analyzed via mass spectrometry, without chromatographic 
analyte separation prior mass spectrometry (direct infusion “shotgun” lipidomics). 
Shotgun lipidomics was successfully applied to a number of biological samples 
before (Han and Gross, 2005; Ejsing et al., 2009; Surma et al., 2015). It has also 
been employed for structural identification of ceramides with non-hydroxyacyl chains 
(Shin et al., 2014), and alpha-hydroxyacyl ceramides (Wu et al., 2016) in skin 
samples. 
Analysis of sebaceous lipids made use of the same analytical tools as SC lipid 
research. Sebum lipids were analyzed by TLC (Touchstone, 1992; Fried and 
Sherma, 1996), HPLC (Shetage et al., 2014), or using reverse phase liquid 
chromatography time-of-flight mass spectrometry (RPLC-TOF-MS) (Camera et al., 
2016). 
In summary, development of methods for detection of skin lipids lead to gradual 
expansion of identified lipid classes. The transition from chromatographic to mass 
spectrometric methods enabled distinction of ceramide sub-classes, and individual 
lipid species via determination of fatty acid lengths (Figure 3). For ceramides, 
fragmentation of precursor ions allowed detection of constituent fatty acids and long 
chain bases, facilitating unambiguous identification of specific ceramide sub-species. 
Lipid quantification 
A useful lipid profile contains not only information on the lipid identity but also on their 
quantity. Lipid quantification has been approached in various ways, depending on the 
sampling and analysis method used. It necessarily occurred relative to one or several 
standard substances, added in known quantity at some stage of the process. 
In the earliest study, two different quantities of methyl nervonate were added to the 
extraction solvent (Greene et al., 1970). After extract separation by TLC and charring 
the bands, the intensities were scanned with a photodensitometer. Peak intensity 
values were corrected for lipid class-specific charring efficiency and normalized to the 
standard value. Since sampling was conducted via in situ extraction, the results were 
reported as mass per area, and averaged between 5 and 10 g lipid/cm2 of stratum 
corneum lipids and 150 and 300 g lipid/cm2 of sebaceous lipids. This general TLC 
quantification procedure was applied in many studies with varying standards and 
plate staining agents (Long et al., 1985; Perisho et al., 1988; Melnik et al., 1990; 
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Yamamoto et al., 1991; Motta et al., 1993; Paige et al., 1994; Bonté et al., 1995; 
Rogers et al., 1996; Weerheim and Ponec, 2001). In one study, TLC analysis was 
standardized with a mix of several synthetic lipids applied to the plate at 3 different 
concentrations. Limits of detection were determined and a standard deviation of less 
than 10% was reported (Bonté et al., 1997). Another later TLC-based study also 
validated lipid quantification by assessing linearity in response to sample amount and 
a coefficient of variation of 10% (De Paepe et al., 2004). 
In some instances quantities of lipids in individual TLC bands were reported as 
weights of total recovered lipid (Elias et al., 1979) or lipid weight per total sample 
weight (Imokawa et al., 1991; Paige et al., 1994). Sometimes a standard would be 
used for the purpose of identification of an unknown or suspected lipid only, and not 
for quantification (Lampe et al., 1983b). 
When HPLC was applied, one mode of quantification used entailed assessing the 
area under curve of the detector (photodensitometer) and reporting it as relative to 
the total surface area of all analyte peaks (Denda et al., 1993). The necessity of 
running daily calibration curves, blank samples for background reduction was noted, 
together with calibration curves to ensure quantification linearity (Norlén et al., 1999). 
Tandem mass spectrometry offers two possible analyte readouts: precursor and 
fragment ion intensity. It was shown that fragment ion intensity of a synthetic C2-
Ceramide was linear over two orders of magnitude (Gu et al., 1997). In one ESI-
MS/MS study the necessity to calibrate the readout was recognized and was 
executed with varying concentrations of spiked, naturally occurring internal lipids, 
normalized to a fixed amount of a synthetic ceramide (Liebisch et al., 1999).  
A whole study was dedicated to establishment and validation of an already 
developed method for skin lipid identification (NPLC-ESI-MS/MS) (Masukawa et al., 
2009). The authors addressed the issue of using a limited number of standards for 
the quantification of lipids of different classes. Based on 11 synthetic ceramides, 
limits of detection (LOD) and quantification (LOQ) as well as method linearity were 
assessed. A coefficient of variation in inter-day reproducibility was reported at 3.3-
14.3%. 
A similar validation was conducted for another NPLC-ESI-MS/MS system, resulting in 
comparable LOD and LOQ values. Ceramide quantification occurred relative to two 
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deuterated standards (Janssens et al., 2011). The validation was later expanded to 
FFA and cholesterol (van Smeden et al., 2014). 
The design of this study 
The status quo of skin lipidomic analysis is characterized by a multitude of 
methodological approaches, featuring a variety of sampling, extraction and analysis 
strategies. Simultaneous assessment of stratum corneum and sebaceous lipids was 
rarely practiced. Few methods were validated in analytical terms. Method throughput 
was too limited to compensate for the lipid variability reported thus far.  
In response, we saw the need for developing a method facilitating maximal control of 
external factors, allowing high throughput and absolute lipid quantification. The 
method that we chose, combines the advantages of the most reproducible and high-
throughput capable sampling technique – tape stripping – with the benefits of the 
fastest method: shotgun lipidomics. We applied this method to investigate 
physiological lipid composition and its variability. To this end we investigated three 
probable causes underlying varying skin lipid composition.  
First, skin differentiation from deeper skin layers into the topmost stratum corneum 
may involve changes in lipid composition with respect to sampling depth. Sebaceous 
lipids on the other hand may diffuse into skin creating another gradient. 
Second, different parts of the skin surface are continuously exposed to different 
stimuli. We propose that this may result in anatomical, intra-individual lipidome 
variability. 
And third, genetic inter-individual differences as well as different lifestyles may 
influence the metabolism responsible for synthesis of skin surface lipids. The 
lipidome may also depend on sex and gender. 
To address lipidome variability with respect to sampling depth, triplicate samples from 
adjacent positions on left volar forearm from one female and one male subject were 
collected layer by layer – including the topmost – until the 20th. After the 10th layer 
every second layer was sampled, and the remaining layers were discarded. Thus, 90 
samples were collected in total. 
For the assessment of intra-individual skin lipidome variation triplicate samples from 
adjacent positions on skin were collected from each sampling site. Samples were 
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collected from one male and one female at 14 different sites (forehead, cheek, 
pectoral region, abdomen, groin, thigh, heel sole, central calf, shoulder blade, 
buttock, palm, outside of hand, top side of foot and volar forearm). Laterally 
symmetric sites were all sampled from the left side of the body. 
For the inter-individual lipidome variation 65 females and 39 males of different age 
(20–89) were sampled from the volar forearm. 
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Material and methods 
This section contains materials and methods used for all experiments undertaken for 
method development and validation, as well as for the skin lipidomic study proper.  
Method development and validation 
Method development entailed establishment of a skin sampling method capable of 
supporting the advantages of shotgun lipidomics. It further contains the choice of 
optimal sample extraction and handling before mass spectrometric analysis. Settings 
and conditions for sample injection and mass spectrometric analysis are described. 
One chapter is devoted to the means of lipid identification via lipid precursor and 
characteristic fragment ions. 
Sampling development 
Sampling development encompasses confirmation of the delivery of consistent 
material amounts to analysis using tape-stripping, as well as determination of lipid 
coverage and proportionality of signal response to the sample amount used. 
Furthermore, the influence of the sampling tape on analysis was tested in 
comparison with samples collected via scrape-biopsy. 
Material amount consistency 
Sampling amount consistency was determined gravimetrically using a Radwag 
Microbalance Type MYA 5.3Y. Weighing was performed in a climate controlled room 
with all samples weighed at a defined temperature and humidity. An internal 
calibration routine was executed and test weighing was conducted before the 
weighing proper. All samples were weighed according to the following scheme. The 
balance was zeroed with the cover closed. The cover was opened, a D-Squame 
D101 tape was placed on the pan, and the cover closed again, and the readout 
documented after it equilibrated. 
The tape was used to take a skin sample according to the procedure described in the 
sampling standard operating procedure, and weighed again as described above. The 
difference between the weight of the empty tape and the tape with skin was 
calculated to be the sample weight. 
Seven samples from four different subjects have been collected and sample weight 
determined gravimetrically. Results are reported in Figure 6. 
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Lipid coverage and response proportionality vs sample amount 
The optimal sample amount was assessed by analyzing samples from one subject. 
Four different sample amounts were tested: 0.5, 1, 1.5 and 2 D-Squame D101 tapes. 
When more than one tape per sample was collected, tapes have been placed in an 
Eppendorf tube such that the adhesive sides carrying the skin were facing away from 
one another. The rest of the analysis was performed according to the standard 
procedure detailed below. For each sample amount used the amount of each lipid 
class and the number of detected sub-classes was determined and plotted in Figure 
7. 
Equivalence to scrape biopsy testing 
To determine the influence of ion suppression introduced into a tape-stripping 
sample, scraped skin samples were analyzed in presence or absence of tapes. Skin 
was collected via scraping from the calf of a subject and 10 samples were weighed in 
at amounts typically collected via tape-stripping. Five samples were supplemented 
with one tape, while the remaining five were left as is. The 10 samples were analyzed 
according to the standard protocol detailed below. Averaged amounts of each lipid 
sub-species present in both cohorts were plotted against each other and the Pearson 
Correlation was calculated (Figure 8). 
Establishment of sample extraction and robotic handling 
In course of the development of tape-stripping based skin lipid extraction. Several 
method parameters have been varied. The evaluation of the parameters used 
occurred based on two readouts. First, the integrity of the sampling tape ideally 
should be preserved after extraction. Any signs of dissolution of the tape or the 
adhesive on the tape, or visible cloudiness or inhomogeneity of the extract were 
judged as prohibitive for injecting the sample into the mass spectrometer. Second, if 
tape and extract passed visual assessment, the consistency of the ionization spray 
voltage during analysis was evaluated. Only if it reliably remained constant over the 
whole time analysis the extraction method was judged to be compatible with the 
sampling method. The ionization spray current over time of one of the failed attempts 
as well as the ionization current under optimal extraction conditions are shown in 
Figure 9. 
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Parameters varied during establishment of the extraction procedure include different 
solvent systems, extraction volumes, extraction time, extract purification steps and 
modifications to the sampling tape itself. 
Organic solvents extractions tested include chloroform:methanol two step extraction, 
chloroform:methanol/tert-butyl methyl ether (MTBE):methanol two step extraction, 
MTBE:methanol one step extraction and methanol extraction. Proportions of the 
organic solvents were varied. Re-extraction steps with MTBE:methanol 10:1 or 
mixtures of methanol:water 3:1 and 1:1 were applied. Extraction time was optimized 
in the range between 10 minutes and 2 hours. The white tab on the D-Squame tape 
has been removed in order to rule out sample contamination by dissolved paint 
components.  
Once a satisfactory solvent system was found the procedure was optimized for 
application of a pipetting robot (Hamilton Robotics STARlet robotic platform with Anti 
Droplet Control for pipetting of organic solvents). This included proper tape 
placement in the Eppendorf tube, the extract collection step and transferring the 
sample into solution facilitating proper lipid ionization (MS-mix). 
Establishment of mass spectrometric lipid identification 
Accuracy of lipid identification 
Shotgun lipidomics generates complex spectra due to omission of chromatographic 
sample separation prior analysis. It therefore relies on mass accuracy in order to 
match measured mass-to-charge ratio with theoretical atomic composition of the 
analytes.  To improve mass accuracy the mass-to-charge measurement can be 
calibrated towards a defined peak present in each measurement, a so called 
lockmass. On the Q-Exactive mass spectrometer used for this study a dedicated 
lockmass can be assigned to each acquisition mass range. One option is to appoint 
lockmass to a defined and characterized substance known to be extracted from the 
reaction tube (Schuhmann et al., 2012). This strategy could not be applied to the 
extraction of tape-stripping samples, probably due to overlap of tape contaminants 
with the lockmass peaks. Instead, Substances were spiked into the sample to be 
used as lockmass. Three acquisition mass ranges needed to be provided with a 
lockmass peak. The omega-hyproxyacyl ceramide EOP 66:2;3 (18:0;3.30:0;0.18:2;0) 
was used for the high-mass range in negative ionisation mode, whereas PC 34:0;0 
(17:0;0.17:0;0) was used as lock mass for the low-mass negative ionisation mode. 
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The latter was also used as lockmass in positive ionization mode. All three lockmass 
lipids were part of the internal standard mix (Table 7). The effect of the presence of 
lockmass on mass accuracy expressed as ppm deviation as measured in two 
independent experiments is illustrated in Figure 10.  
Identification of ceramide precursor ions and characteristic fragments 
Synthetic ceramides were used to investigate precursor ionization. To compare 
signal response defined concentrations of synthetic ceramides (1.7 M) with the 
same type of long chain base or the same type of fatty acid analyzed jointly (Table 2). 
Their signal responses and variability is illustrated in Figure 12. 
Fragmentation was assessed using the same synthetic ceramides as well as extracts 
from scrape-biopsied skin. The purpose was to identify ceramide fragments which 
are both abundant and unambiguous. A combinatorial approach has been applied to 
annotate specific atomic composition to said fragments. Observing proportionate 
changes in fragment intensity proportionate to analyte amount was used as 
confirmation that fragments belong to the respective precursor ion. The list of 
ceramide fragments used for precursor confirmation for all ceramide sub-classes is 
shown in Table 5. 
Table 2. Combinations of synthetic ceramides co-acquired to determine optimal 
ionization mode. 
Ceramide type Ceramide subspecies co-analyzed 
Sphingosine-type NS 36:1;2 (18:1;2, 18:0;0), AS 36:1;3 (18:1;2, 18:0;1), 
EOS 66:3;2 (18:1;2, 30:0;0, 18:2;0) 
Phytosphingosine-type  NP 36:0;3 (18:0;3, 18:0;0), AP 36:0;4 (18:1;3, 18:0;1), 
EOP 66:2;3 (18:0;3, 30:0;0, 18:2;0) 
Non-hydroxy-type  NdS 36:0;2 (18:0;2, 18:0;0), NS 36:1;2 (18:1;2, 18:0;0), 
NP 36:0;3 (18:0;3, 18:0;0) 
Alpha-hydroxy-type  AdS 36:0;3 (18:0;2, 18:0;1), AS 36:1;3 (18:1;2, 18:0;1), 
AP 36:0;4 (18:1;3, 18:0;1) 
 
Establishment of lipid quantification 
Lipid quantification necessitated establishment of suitable internal standards fulfilling 
certain requirements. First, they must not occur endogenously in the sample, be it as 
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part of skin or as contaminant from the tape. Standards tested for this requirement 
are listed in Table 7. Some standards are deuterated (TAG, DAG, NS, EOS).  As 
deuterium naturally occurs in lipids in negligible amounts, this ascertains that no 
native lipids overlap with them. Native occurrence of candidate internal standard 
lipids has been ruled out by screening skin samples of 5 different subjects.  
Secondly, standard amounts ideally are close to the average lipid amount they 
quantify. The concentrations of the standards used have been determined empirically 
to yield similar intensities as averagely abundant natively occurring lipids (Table 7).  
Third, due to the wide concentration range of analytes encountered in lipidomics 
analyses, it is essential that the analytical method spans a large dynamic range and 
offers sufficient sensitivity to allow for the quantitative analysis of molecules in the low 
and high concentration regime. To determine these parameters, we added increasing 
amounts of class-specific reference lipids into tape-stripped skin samples, and we 
recorded how the acquired signal correlates with the amount. This was conducted in 
five independent samples. The results are presented in Figure 13.  
Finally, reproducibility of the method was assessed by analyzing lipids in samples 
collected from three different subjects and pooled after extraction. Pooled extracts 
were analyzed and quantified independently (n=10). The coefficient of variation (CV) 
of all quantified lipid sub-species was plotted against their respective amounts 
(Figure 14). 
Skin lipidomic study 
Based on the method validation a standard operating procedure has been devised 
and applied throughout all steps of the study. That includes guidelines for sampling 
preparation and sampling proper, automated lipid extraction, MS data acquisition and 
finally lipid identification, quantification and data processing. 
Sampling preparation 
First, using powder free gloves at all times, work surfaces and sampling material 
were cleaned with absolute ethanol. Work surfaces and the pressure instrument were 
wiped off with disposable paper towels. Likewise, forceps and scissors were rinsed in 
a beaker with absolute ethanol. 
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For sampling CUDERM D-Squame (cat# D101) discs were used. The purpose of 
preparing the discs was to remove the white tabs of the discs that interfere with 
analysis. Sampling disc sheets containing 2 x 5 discs were handled with powder-free 
gloves only. Sheets were held with one hand while strips of the disc sheet were cut of 
using scissors, leaving a safety margin of 1.5-2 mm between the cut and the white 
tabs (Figure 4). Thus prepared sampling discs stripes containing 5 ready-to-use discs 
each were stored at room temperature in darkness in clean sealable plastic bags until 
sampling. 
 
Figure 4. : Stack of disc sheets. For preparation hold one individual disc sheet with 
gloved hand, and with cleaned scissors cut through the sheet along the red lines to 
remove white tabs from discs. 
Subjects were acclimatized to the room in which sampling occurred for a due amount 
of time (15 min). Prior to sampling, sites were not cleaned with water, detergents or 
solvents of any kind to avoid a bias in the stratum corneum lipid composition. Only 
subjects who did not treat the sampling site with any cosmetic products within the 
past 24 h were admitted. 
Standard sampling via tape stripping 
Herein, the standard operation procedure for skin sampling is presented. It has been 
applied for the intra- and inter-individual variability experiments. Assessment of 
lipidome variability with respect to sampling depth employs a different sampling 
procedure described below. 
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To remove dirt, sebum and the top cell layers, at each sampling site a CUDERM D-
Squame (cat# D100) was attached, removed and discarded (Figure 5, A). The 
cleaning disc was pressed to the sampling site with the pressure instrument for 15 
sec. After removal of the big disc, the sampling position was visible as the edges of 
the disc left delicate (and quickly disappearing) pressing marks on the skin. The 
cleaned area left enough space for up to three smaller D101 discs arranged side by 
side in a radially symmetric fashion for the sampling proper (Figure 5, B). 
 
Figure 5: (A) Preparation of sampling site with larger D100 disc. (B) Sampling within 
the prepared site (delineated by delicate pressing marks) with up to three smaller D101 
discs. 
After removal of the cleaning disc, with forceps 1-3 prepared D101 stripping discs 
(without white tab) were attached to the cleaned sampling site. For the inter-individual 
variability assessment the volar forearm has been used for sampling. For the 
assessment of intra-individual skin lipidome variability, triplicate samples from 
adjacent positions on skin were collected at 14 different sites (forehead, cheek, 
pectoral region, abdomen, groin, thigh, heel sole, central calf, shoulder blade, 
buttock, palm, outside of hand, top side of foot and volar forearm). Laterally 
symmetric sites were all sampled from the left side of the body.  
A CUDERM D-Squame (cat# D500) Pressure instrument was used to apply uniform 
force to the stripping disc on the sampling site for exactly 15 sec. Stripping disc were 
removed with forceps and placed as deeply as possible in a 2 ml Eppendorf Safe-
Lock Tube, 2.0 mL. Forceps and gloves were rinsed with ethanol before and between 
each sampling to avoid cross-contamination. 
A B 
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Samples have been routinely stored at -80 ˚C, but no differences in the lipidome of 
reference samples have been observed when the samples were stored at -20 ˚C for 
several months or at room temperature overnight. Detailed influence of sample 
storage conditions on lipidomes has not been tested. 
Sampling via sequential tape-stripping 
Sequential stripping differed from standard sampling by the necessity to place 
stripping discs repeatedly onto the exact same sampling site to avoid cross-
contamination between skin layers. In order to minimize this bias, a template for 
triplicate sampling made out of a D100 disc was employed. Three smaller ready-to-
sample D101 disc were attached to the larger disc in radially symmetric fashion to 
designate the areas of the larger disc to be cut out with ethanol cleaned scissors. 
Thus prepared, the D100 template was attached to the sampling site on the volar 
forearm, offering high control over the placement of all subsequent D101 stripping-
discs. Further sampling was conducted according to the standard sampling 
procedure described above. 
Lipid extraction 
Prior to lipid extraction all necessary solutions were prepared. An internal standard 
lipid mix containing lipid species for quantification as well as lock mass was prepared 
using lipid quantities denoted in Table 7. Four-eye principle was applied to ascertain 
correctness of this solution, as all quantification would be based upon it. The mix was 
stored at -20°C. 
All sample handling steps were performed with a Hamilton Robotics STARlet robotic 
platform with Anti Droplet Control for pipetting of organic solvents. Prior to beginning 
the robotic protocol it was ascertained that the discs were as close to the bottom of 
the Eppendorf tubes as possible, to minimize the chance of the discs adhering to the 
pipette tips. Whenever this could not be achieved by a quick spin down, the discs 
were pushed down manually towards the bottom of the tube using tweezers, cleaned 
in acetone or ethanol and completely air dried beforehand and between each 
sample.  
Lipid extraction was performed using a 1-step procedure with methanol. The 
extraction solvent was spiked with an internal standard mixture. During the extraction, 
900 l of methanol was applied onto one sampling disc in a 2 ml Eppendorf reaction 
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tube. The extraction was carried out for 1 h, 1400 rpm shaking at 4°C. Next, à 50 l 
of extract is transferred to three 96 well nanomate plates (1st for underivatised lipids, 
2nd for cholesterol acetylation, 3rd as backup) and dried in a speed vacuum 
concentrator. The samples in the plate dedicated for cholesterol analysis were 
acetylated according to the protocol described below. When dry, extract was re-
suspended in MS mix for mass spectrum acquisition. The composition of the MS mix 
is listed in Table 3. 
Table 3: Composition of 100 mL MS mix. 
Substance Amount [mL] 
propan-2-ol 54 
methanol 27 
chloroform 14 
400 mM ammonium acetate in methanol 2 
 
For cholesterol acetylation according to (Liebisch et al., 1999) 75 l of a 
acetylchloride/chloroform solution (1:5 v/v) were added to each sample. The 
nanomate plate was covered with a Teflon plate to prevent evaporative loss during 
the following 1 h incubation period at room temperature. Samples were then dried for 
1.5 h under a vacuum. Overnight storage of such dried plates sealed with sealing 
aluminum-foil occurred at -80 °C. Before acquisition dried samples were re-
suspended in MS acquisition solution. 
MS data acquisition 
Samples were analyzed according to a modified method (Surma et al., 2015) by 
direct infusion in a QExactive mass spectrometer (Thermo Fisher Scientiﬁc) equipped 
with a TriVersa NanoMate ion source (Advion Biosciences). Five microliters were 
infused with gas pressure and voltage set to 1.25 psi and 0.95 kV, respectively. The 
delivery time was set to 5 min and 20 s. Polarity switch from positive to negative 
mode was set at 131 s after contact closure. Samples were analyzed in both 
polarities in a single acquisition. The MS acquisition method contains a positive ion 
mode ranging 550-1000 m/z in MS + mode to monitor TAG, DAG and CE with 
ammonium ions lockmass is activated on PC 34:0;0 (17:0;0,17:0;0) (762.60065). It 
further contains a scan in MS- mode ranging 590-940 m/z for identification of non-
hydroxy and alpha-hydroxy ceramide precursors with acetate adducts. Lockmass 
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here is also set on PC, this time with acetate adduct (820.60621 m/z). Finally, it 
covers omegahydroxyacyl ceramides in the 1040-1245 m/z range in MS- mode, with 
lockmass set on EOP 66:2;3 (1088.97910). In all mass ranges resolution is set at R 
m/z = 200 = 280 000 and individual scans in every segment are the average of 2 
microscans. Automatic gain control (AGC) was set to 1x10^6.and maximum ion 
injection time (IT) was set to 500 ms. Fragmentation in positive mode is performed 
via data independent analysis and triggered by an inclusion list covering all the 
masses from 500.5 to 999.75 in 1 Da intervals. Smallest mass of MS/MS acquisition 
was 150 Da and normalized collision energy was set to 20%. Fragmentation in the 
lower negative mode mass range was triggered by a customized inclusion list 
accounting for a particular similarity between certain ceramide sub-classes. The 
higher mass range was triggered by an inclusion list and an isolation window width of 
1 Da, as in the positive acquisition mode.  In both negative mode mass ranges a 
normalized collision energy of 35% was applied. Resolution in all MS/MS scans was 
set at at R m/z = 200 = 17500, with the ACG target at 10^5 and IT of 64 ms. 
Lipid identification and data processing 
Data were analyzed with in-house developed lipid identification software based on 
LipidXplorer(Schuhmann et al., 2011; Herzog et al., 2012). Molecular Fragmentation 
Query Language (MFQL) queries for TAGs, DAGs and CE have been published 
before (Surma et al., 2015). Queries developed in this study for all ceramide sub-
classes are summarized in Table 4. 
Only lipid identifications with measured mass deviations below 3 ppm from the 
theoretical mass for MS and 8 ppm for MSMS peaks in scans where lock mass was 
available, and 5 and 12, respectively, where it was not; signal-to-noise ratio greater 
than 5; and an amount at least 5-fold higher than in corresponding blank samples 
were considered as positive hits. Further, data post-processing was performed using 
R-scripts (R version 3.3.2 (2016-10-31)) in order to remove biologically unfeasible 
hits. The script removed ceramides with carbon chain lengths outside the range of 
ceramides discovered by Smeden and colleagues (van Smeden et al., 2014), yielding 
862 unique lipids across all samples from all experiments. Unless stated otherwise, 
only lipids present in at least two replicates and above 2 pmol per sample were 
included in subsequent data analysis, resulting in 509 unique lipids.  Data 
visualization, linear regression (linear least squares method), and correlation (two-
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tailed Pearson and Spearman correlation) calculations were performed on Prism6.0h 
software (GraphPad Software, Inc.). Where it does not lower figure clarity, individual 
data points are shown (Weissgerber et al., 2015). 
Table 4. Key MFQL query parameters for precursor and fragment ions of all ceramide 
sub-classes. The charge of both precursor and fragment is -1. 
 Precursor ion Fragment ion 
C H N O DBE C H N O DBE 
NdS 22-66 44-132 1 5 1.5 12-40 22-78 1 1 2.5 
NS 22-66 42-132 1 5 2.5 12-40 22-78 1 1 2.5 
NS D3 38 71, D3 1 5 2.5 20 35, D3 1 1 2.5 
NP 22-66 42-132 1 6 1.5 12-40 22-78 1 2 1.5 
NH 22-66 42-130 1 6 2.5 12-40 22-78 1 1 2.5 
AdS 22-66 42-130 1 6 1.5 12-40 22-78 1 2 2.5 
AS 22-66 42-130 1 6 2.5 12-40 22-78 1 2 2.5 
AP 22-66 42-132 1 7 1.5 12-40 22-78 1 3 1.5 
AH 22-66 42-130 1 7 2.5 12-40 22-78 1 2 2.5 
EOdS 50-90 110-174 1 7 4.5 12-40 22-78 0 2 3.5 
EOS 50-90 92-172 1 7 5.5 12-40 22-78 0 2 3.5 
EOS D9 70 123, D9 1 7 5.5 12 31 0 2 3.5 
EOP 50-90 92-172 1 8 4.5 12-40 22-78 0 2 3.5 
EOH 50-90 92-172 1 7 5.5 12-40 22-78 0 2 3.5 
 
Statistical models were trained with the R Environment for Statistical Computing  (R 
version 3.3.2 (2016-10-31)), by the caret package (version 6.0-73) (Kuhn, 2008), 
which in turn uses the randomForest package (version 4.6-12) (Liaw and Wiener, 
2002). For statistical modelling only lipids present in at least 50% of samples per 
cohort were used. If a lipid was present in one cohort, it was also included for other 
cohorts, even if its occurrence rate was lower. During model training with 5 times 
repeated 10 times cross validation, the resampled data were preprocessed by 
centering and scaling, missing values were imputed with the median, and near zero 
variance predictors were removed. 
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Results 
In this chapter results from method development and validation as well as from the 
skin lipidomic study are presented. 
Method development and validation 
Skin sampling via tape-stripping 
Skin sampling development results are comprised of an assessment of material 
amount collected with one tape strip, the lipid coverage achieved using different 
amounts of tape strips and results illustrating the equivalence of samples collected 
via tape stripping with samples collected via scrape biopsy. 
The skin amount sampled via tape-stripping was shown to be 62±14 μg as measured 
among 4 subjects (Figure 6). The variation in sample amount collected is subject-
independent. Sampled amounts range between 38 and 100 μg. 
Figure 6. Amounts of skin collected with 1 stripping disc. 
Different shapes represent 6 donors, total n = 48; dotted line 
denotes the mean. 
 Lipid amounts quantified from 0.5, 1, 1.5 and 2 discs stripped 
from the SC from one subject were linearly proportional to the 
number of discs used (Figure 7). Some of the ceramide sub-
classes (EOdS, AS or EOH) were not proportionally 
represented when only half a disc was used. This was due to 
low abundant species falling below the limit of detection, as 
also reflected by a lower number of lipids detected in total 
(222 in comparison to 250–253 in other sampling amounts).  
In order to rule out a negative influence of stripping disc constituents on the analysis, 
we compared the results obtained from skin samples analyzed with and without a 
stripping disc present (Figure 8). Evidently, even in the presence of a stripping disc, 
lipid amounts were virtually identical to amounts in samples without disc (Pearson 
correlation coefficient =0.99, P<0.0001). This result shows that the presence of 
stripping discs does not influence lipid quantification. 
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Figure 7. Comparison of lipid class amounts normalized to number of stripping discs 
extracted. Data show the mean of 5 independent experiments and error bars the 
standard deviation. Only lipids present in all replicates were considered. 
 
 
Figure 8. Pearson Correlation of averaged lipid subspecies amounts determined for 
skin samples with and without stripping disc present. Every point represents the 
averaged amount of the individual lipid subspecies quantified from 5 independent 
extractions and acquisitions. Only lipids present in all replicates were considered. 
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Lipid extraction 
The readout for extraction optimization was stability of the ionization spray across the 
whole time of acquisition in both positive and negative mode. The methanol 
extraction established for shotgun skin lipidomics yielded stable ionization spray in 
>98% of all samples acquired (Figure 9, top). Different solvents unsuccessfully 
applied to amend the problem included chloroform:methanol 10:1 or MTBE:methanol 
7:2 two-step extractions as well as MTBE:methanol 10:1 one step extraction. All 
attempts with the above extraction solvents in <95% of all samples resulted in spray 
failure during the first seconds of the acquisition in positive ionization mode (Figure 9, 
bottom). 
 
Figure 9. Readout for extraction optimization: stable ionization across the whole 
acquisition time in positive and negative mode (upper graph). Failed acquisition due to 
ionization spray failure in the positive mode. 
Lipid identification 
Lipid identification relies on mass accuracy, which is quantified by the deviation of the 
measured value from a theoretical mass based on the atomic composition. It is 
expressed in parts per million (ppm). This ppm deviation assessed in two different 
acquisitions has improved from an average of 2.8 ppm without the employment of 
lockmass in the negative acquisition mode to below 2 ppm when using PC as lock 
mass. A graph showing the impact of a PC lockmass on distribution of ppm deviation 
of lipid sub-species is shown in Figure 10. 
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Figure 10. Mass accuracy depending on lockmass, assessed in two independent 
experiments in negative mode. Average ppm deviation without lockmass was 
calculated based on 911 and average ppm deviation with PC lockmass based on 742 
individual identified lipids. 
Confident lipid identification necessitates both, detection of intact precursor ions and 
of collision induced fragment ions. Co-acquisition of synthetic ceramides according to 
constituent LCB or FA showed three possible precursor ions: A protonated ion in 
positive mode, a deprotonated precursor and one with acetate adduct and in 
negative mode (Figure 11). 
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Figure 11. Possible ionization of ceramides (here NS). Positive mode: protonated 
precursor. Negative mode: deprotonated precursor or precursor with acetate adduct. 
R represents acyl chain of variable length. 
Based on signal responses and its variability of different types of precursor ions 
(Figure 12) the decision was made to analyze ceramides in negative mode using the 
precursor with acetate adduct. The need for separate standards for non-hydroxy and 
alpha-hydroxy ceramides on the one hand, and omegahydroxyacyl ceramides on the 
other hand was recognized. 
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Figure 12. Ionisation analysis of synthetic ceramides. Co-acquisition of sphingosice 
and phytosphingosine containing ceramide species as well as non-hydroxy- and alphy 
hydroxyl fatty acid containing ceramides. Comparison of raw intensity in positive 
mode (protonated precursor ion) and negative mode (acetate adduct or deprotonated 
precursor ion). Measurements conducted in triplicate. Whiskers represent standard 
deviation. 
Fragmentation of TAG, DAG, and cholesterol ester has been used for lipid identity 
confirmation before (Surma et al., 2015). Fragmentation behavior of ceramide sub-
classes was investigated using synthetic ceramides where available (NdS, NS, NP, 
AdS, AS, AP, EOS, EOP). Fragmentation of ceramide sub-classes containing a 6-
hydroxy-sphingosine long chain base, as well as omegahydroxyacyl ceramide EOdS 
was conducted using scraped skin extracts. The most abundant and unambiguous 
fragments were identified for all ceramide sub-classes. For non-hydroxy and alpha-
hydroxy ceramides the fragment ion in negative ionization mode consists of the fatty 
acid and a part of the long chain base head group. This holds true for all investigated 
fatty acid chain lengths. The most reliable fragmentation product of all 
omegahydroxyacyl ceramide sub-classes is negatively charged linoleic acid. The 
results are illustrated in Table 4. These fragments have been implemented in MFQL 
scripts used by the LipotypeXplorer software. 
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Table 5: Most abundant and characteristic fragment ions of all ceramide sub-classes 
in negative ionization mode. “R” represents a saturated carbon chain length of 
variable length. 
Ceramide sub-
class 
Characteristic fragment ion 
NdS 
O
N
-
H
R
 
NS 
NH 
NP 
O
N
-
OH
H
R
 
AdS 
O
N
-
OH
H
R
 
AH 
AS 
O
N
-
H
OH
R
 
AP 
O
N
-
OH
H
OH
R
 
EOdS O
-
CH3
O
 
EOS 
EOP 
EOH 
Annotation of fragments not only confirms the identity of precursor ions, but can be 
used for deconvolution of isomeric lipids, whereby the intensity overlapping peaks is 
annotated to one or the other isomer proportionally to their fragment ratio. This is 
necessary for the ceramide pairs NP-AdS and NH-AS. They differ only by the 
position of one hydroxyl group. While precursors within both pairs have the exact 
same mass, the actual signal can be calculated based on the proportion of 
unambiguous fragment ions of each sub-class.  
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Table 6. Lipid classes covered by the method, with modes of their acquisition, ions 
used for their identification, confirmation and in MSMS-fragmentation scan. M – 
molecular ion, FA – fatty acid. 
Lipid class Acquisition  Precursor Fragment Structure 
Cholesterol (Chol) Pos FTMS [MC2H2O2+NH4
+
]
+
 
- Class 
Triacylglycerol (TAG) Pos 
FTMS/MSMS 
[M+NH4
+
]
+
 [M-FA]
+
 Species 
Diacylglycerol (DAG) Pos 
FTMS/MSMS 
[M+NH4
+
]
+
 [M-FA]
+
 Sub-species 
Cholesterol esters (CE) Pos 
FTMS/MSMS 
[M+NH4
+
]
+
 [FA-H
+
]
-
 Species 
Non-hydroxy-dehydrosphingosine 
(NdS) 
Neg 
FTMS/MSMS 
[M+C2H3O2-H]
-
 [FA-H
+
]
-
 Sub-species 
Non-hydroxy-sphingosine (NS) Neg 
FTMS/MSMS 
[M+C2H3O2-H]
-
 [FA-H
+
]
-
 Sub-species 
Non-hydroxy-phytosphingosine 
(NP) 
Neg 
FTMS/MSMS 
[M+C2H3O2-H]
-
 [FA-H
+
]
-
 Sub-species 
Non-hydroxy-6-hydroxy-
sphingosine (NH) 
Neg 
FTMS/MSMS 
[M+C2H3O2-H]
-
 [FA-H
+
]
-
 Sub-species 
Alphahydroxy-dehydrosphingosine 
(AdS) 
Neg 
FTMS/MSMS 
[M+C2H3O2-H]
-
 [FA-H
+
]
-
 Sub-species 
Alphahydroxy-sphingosine (AS) Neg 
FTMS/MSMS 
[M+C2H3O2-H]
-
 [FA-H
+
]
-
 Sub-species 
Alphahydroxy-phytosphingosine 
(AP) 
Neg 
FTMS/MSMS 
[M+C2H3O2-H]
-
 [FA-H
+
]
-
 Sub-species 
Alphahydroxy-6-
hydroxysphingosine (AH) 
Neg 
FTMS/MSMS 
[M+C2H3O2-H]
-
 [FA-H
+
]
-
 Sub-species 
Omegahydroxy-
dehydrosphingosine (EOdS) 
Neg 
FTMS/MSMS 
[M+C2H3O2-H]
-
 [linoleic  
acid-H
+
]
- 
Species 
Omegahydroxy-sphingosine 
(EOS) 
Neg 
FTMS/MSMS 
[M+C2H3O2-H]
-
 [linoleic  
acid-H
+
]
-
 
Species 
Omegahydroxy-phytosphingosine 
(EOP) 
Neg 
FTMS/MSMS 
[M+C2H3O2-H]
-
 [linoleic  
acid-H
+
]
-
 
Species 
Omegahydroxy-6-hydroxy-
sphingosine (EOH) 
Neg 
FTMS/MSMS 
[M+C2H3O2-H]
-
 [linoleic  
acid-H
+
]
-
 
Species 
One main goal of method development was to achieve coverage of as many lipid 
classes with as much structural information on the lipids as possible. The resultant 
coverage (Table 6) for the first time includes simultaneously both SC and sebaceous 
lipids measured at the least on species level. 
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Lipid quantification 
Lipid quantification was based on a set of internal standards spiked into extraction 
solvent at the beginning of sample extraction. The standards selected are listed in 
Table 7. These lipids have been shown to not occur endogenously in skin or on tape. 
Standard lipid amounts were set to resemble average lipid amounts in 5 subjects. 
Table 7. Internal standards and concentrations validated for lipid quantification in 
tape-stripped stratum corneum samples. 
Lipid name Stock concentration [µM] 
TAG D5 51:1;0 (17:0;0.17:1;0.17:0;0) 75.78 
ST 27:1;6 1071.24 
CE 47:1;0 (27:1;0.20:0;0) 150.2 
DAG D5 34:0;0 (17:0;0.17:0;0) 134.88 
EOP 66:2;3 (18:0;3.30:0;0.18:2;0) 1000 
NS D3 36:1;2 (18:1;2.18:0;0) 56.39 
PC 34:0;0 (17:0;0.17:0;0) 579.06 
EOS D9 68:3;2 (18:1;2.32:0;0.18:2;0) 333.53 
 
Linear dynamic range was defined as the concentration range at which the linearity 
of signal-to-noise values to pmol amount and the slope of the resulting function were 
close to 1 (slope from 0.85 to 1.21, depending on the lipid class) (Figure 13). This 
implies that changes in concentration of a given lipid will result in directly proportional 
changes in signal. The limit of quantification of most lipid classes defined as the 
lowest concentration, at which a linear signal/noise ratio response was observed, lies 
in the low pmol range. Only for cholesterol it is about 50 pmol. However, this is 
sufficient since cholesterol is typically in the range of hundreds of pmol per skin 
sample. The linear dynamic range spans 1.8 (for NS, EOS, DAG and cholesterol) 
and 2.5 (for TAG and CE) orders of magnitude. Thus, the method is capable of 
measuring at least a hundred-fold change reliably. 
Pooled extracts were analyzed and quantified independently (n=10), and the 
coefficient of variation (CV) of all quantified lipid sub-species was plotted against their 
respective amounts (Figure 14). Median CV was 7.37% with 86% of all lipid sub-
species varying by less than 15%, which is below the CV threshold commonly used 
for in votro diagnostic assays (source 34). 
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Figure 13. Dynamic ranges determination per lipid class. Internal standards were 
spiked in the skin and the signal to noise recorded. A linear regression fit is shown. 
Data points show the mean of 5 independent experiments and error bars the standard 
deviation. 
 
 
Figure 14. Correlation between coefficients of variation and mean lipid amounts from 
10 independent acquisitions and quantifications of pooled extracts from 3 different 
skin samples. Each point represents the individual lipid subspecies; only lipids 
present in replicates were considered. 
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Skin lipidomic study results 
Herein, results of the skin lipidomic survey are reported. They are comprised of three 
experiments. In the first, lipid profiles of samples obtained via sequential stripping on 
the volar forearm of two subjects are reported. The second shows data on the 
anatomical lipidomic variability. Finally, data on lipid profiles of samples collected at 
the volar forearm of 104 subjects is presented. 
Vertical skin surface lipid profile  
To check how skin lipidome changes with the depth, we collected samples from the 
left volar forearm from one female and one male through sequential layer-by-layer 
stripping – including the topmost – until the 20th layer and measured their lipid 
composition. The total lipid amount in male and female subject with respect to 
sampling layer is shown in Figure 15. In both subjects we observed the total lipid 
amount continually decreasing by 85 and 87% until the 5th and 7th layer in female and 
male respectively, reaching a plateau thereafter. 
 
Figure 15. Amounts of lipids measured in different layers. Lines connect the means of 
each layer. 
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Figure 16. Male profiles of lipid groups in different layers. CER are all ceramide 
classes summed up. Lines connect the means of each layer. 
 
 
Figure 17. Female profiles of lipid groups in different layers. CER are all ceramide 
classes summed up. Lines connect the means of each layer. 
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Relative lipid amounts of lipid classes and groups of classes are shown in Figure 16 
(male) and Figure 17 (female). On the skin surface, the relative amount of lipid 
classes of sebaceous origin – TAG and DAG – is 67% for in both male and female 
subject. It falls to 20% in the male and 10% in the female subject in the 7th sampling 
layer, leveling off thereafter.   The relative amount of cholesterol and all ceramide 
sub-classes increased with sampling depth. Changes in the relative amount of any 
lipid class occur within the first 5-7 sampling layers, maintaining a steady level in 
deeper layers. 
Gradients of cholesterol ester species are depicted in Figure 18. We observed that 
while the relative amount of some CE species increases with sampling depth, some 
do decrease or disappear altogether. Like with total lipid amount and relative amount 
of whole lipid classes, the changes with sampling depth on the level of individual 
species of cholesterol ester occur within the first 5-6 topmost skin layers. 
 
Figure 18. Cholesterol esters species percentage varying across layers in a male 
subject. Some species are grouped according to their exclusive or predominant 
occurrence in the topmost skin layers. 
Principal component analysis using all lipid sub-species as input separates samples 
with respect to the sampling layer in the male and female subject illustrates 
differences between lipid composition of consecutive skin layers (Figure 19 and 
Figure 20). The first 5-6 layers are distinguishable from one another and from all 
deeper layers in both subjects. Deeper layers on the other hand cannot be 
41 
 
distinguished via lipid composition. The most distinctive lipid composition in both 
subjects was observed on the skin surface. Notably, triplicate samples from the 
topmost skin layers do cluster in comparison to samples from deeper layers, further 
supporting the finding. 
 
Figure 19. Principal component analysis of the different layer lipidomes with male lipid 
sub-species of all lipids as input. Numbers indicate layers for every replicate. 
 
Figure 20. Principal component analysis of the different layer lipidomes with female 
lipid female sub-species of all lipids as input. Numbers indicate layers for every 
replicate. 
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Principal component analysis was also conducted using only ceramide sub-species 
as input for analysis. Separation is less pronounced in both male (Figure 21) and 
female subject (Figure 22). Only the 2 topmost skin layers differ from deeper layers in 
ceramide composition.  
 
 
Figure 21. Principal component analysis of the different layer lipidomes with male lipid 
sub-species of ceramides as input. Numbers indicate layers for every replicate. 
 
Figure 22. Principal component analysis of the different layer lipidomes with female 
lipid sub-species of ceramides as input. Numbers indicate layers for every replicate. 
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Anatomical skin surface lipid variability 
To assess intra-individual lipidome variability, samples were collected in triplicate 
from 14 body sites from one male and one female. Mean triplicate total lipid amount 
variation was 15 and 12%, for male and female respectively (Figure 23), which is 
below the standard deviation of weight of tape-stripped skin, as determined before 
(23%, Figure 6), indicating a general robustness of triplicate sampling across different 
sampling sites. Across all sampling sites we observed an intra-individual variability of 
total lipid amount of 104 and 81% for male and female respectively. The most distinct 
samples for both subjects were from forehead where the total lipid amount was as 
high as 21801 pmol and from heel where it was as low as 321 pmol on average. The 
site-specific total lipid amounts accessible to tape-stripping exhibit a significant 
correlation between the two subjects (Spearman correlation coefficient =0.74, P = 
0.0027).  
 
Figure 23. Amounts of lipids measured in different sampling sites. Lines connect 
mean values. 
Since the likely impact of site-specific sample amounts on lipid content cannot be 
excluded (Greene et al., 1970), relative lipid amounts were used to conduct PCA 
(Figure 24 and Figure 25). In both subjects, the most distinct lipid compositions were 
observed on the forehead, cheek and to some degree in the pectoral region and the 
shoulder blade. As in the consecutive tape-stripping experiment, samples from one 
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triplicate are usually more alike in lipid composition then samples from other 
anatomical sites. 
 
Figure 24. Principal component analysis of the male site lipidomes containing lipid 
sub-species molpercent as input. 
 
Figure 25. Principal component analysis of the female site lipidomes containing lipid 
sub-species molpercent as input. 
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To confirm anatomical distinction a hierarchical clustering was performed on 
averaged replicate values from all sampling sites. It shows that for cheek, forehead, 
pectoral region and shoulder blade (only for female) lipidomes form the most closely 
related cluster (Figure 26 and Figure 27). The clustering is preserved if only 
sebaceous lipids are considered. 
 
Figure 26. Hierarchical clustering of different site lipidomes in the male subject 
according to correlations between their lipid subspecies base on all lipids (left) or only 
sebum lipids (right). 
 
Figure 27. Hierarchical clustering of different site lipidomes in the female subject 
according to correlations between their lipid subspecies base on all lipids (left) or only 
sebum lipids (right). 
In an attempt to observe similarities between different anatomical sites irrespectively 
of gender, another hierarchical clustering included samples of both subjects jointly 
(Figure 28). Indeed, all samples but the male shoulder blade cluster regardless of 
subject, indicating that anatomical lipidome variability is stronger than variability 
between these two subjects. 
46 
 
 
Figure 28. Hierarchical clustering of different site lipidomes in both sexes according to 
correlations between their lipid subspecies base on all lipids (left) or only sebum 
lipids (right). 
 
Inter-individual skin surface lipid variability 
To assess inter-individual variability 65 females and 39 males of different age were 
sampled at the volar forearm. In both sexes, the total lipid amount varied 
considerably (male: 57%, female: 90%) (Figure 29 and Figure 30). In our study, the 
total lipid amount in males was not correlated with age, but females, exhibited a 
negative correlation between age and total lipid amount (Pearson correlation 
coefficient =-0.40, P = 0.0009). 
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Figure 29. Amounts of lipids measured in males. Lines represent 0-order polynomial 
smoothing function with 8 neighbors averaged. 
 
 
 
Figure 30. Amounts of lipids measured in females. Two most extreme pmol values are 
not shown to improve clarity. Lines represent 0-order polynomial smoothing function 
with 8 neighbors averaged. 
The relative amounts of TAG and DAG in female skin markedly decreased with age, 
while the relative amount of cholesterol rose. This circumstance was less pronounced 
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in the male population (Figure 31 and Figure 32). We observed relative cholesterol 
ester and ceramide levels remaining constant, while cholesterol increased with age. 
 
Figure 31. Profiles of lipid groups of males of different age. Lines represent 0-order 
polynomial smoothing function with 8 neighbors averaged. 
 
 
Figure 32. Profiles of lipid groups of females of different age. Lines represent 0-order 
polynomial smoothing function with 8 neighbors averaged. 
To assess whether there are common features characteristic for gender, we 
performed principal component analysis as well as statistical modeling on data 
assigned to a male and female cohort. The principal component analysis showed no 
differences between the male and female cohorts (Figure 33). A statistical algorithm 
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(random forest) trained for sex differences and fitted on all samples with all lipids 
included, resulted in an accuracy of sex prediction based on skin lipidomes of 
0.7±0.073 (mean ± s.d.), while the same fitting without sebum lipids achieved only 
0.58±0.099 (Figure 34). Therefore, neither approach could generate a reliable sex 
prediction based on the lipidome, as the Null Error Rate is 0.65 (where 65% of all 
samples are female). 
 
Figure 33. Principal component analysis of males and females of different age 
lipidomes with lipid sub-species as input. 
 
Figure 34. Sex prediction accuracy (test error) of random forest classification with all 
lipid data and data excluding sebum lipids. Points show individual results of a 5 times 
repeated 10 times cross validation with horizontal lines representing their mean. The 
dashed line is the 0.65 Null Error Rate, the prediction error was based on always 
choosing the majority class. 
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Discussion 
In this work, a method to quantify a wide variety of skin surface lipids was developed, 
validated and applied to assess physiological lipid profiles. First, the development of 
the analysis method will be discussed.  
Method development and validation 
In course of method development and validation, each method step was optimized 
with respect to several parameters. The main developmental goal was to combine 
the benefits of tape-stripping – ease, control and reproducibility – with the hallmark 
advantages of shotgun mass spectrometry in our particular setup– high lipid 
coverage, throughput and absolute lipid quantification. 
Skin sampling via tape-stripping 
Tape-stripping was chosen as skin sampling method due to its apparent superiority 
with respect to other sampling methods in several aspects. It offers the highest 
control over the spatial resolution of sampling, likely delivers sample amount most 
reproducibly and certainly is the fastest and least invasive of all existing techniques. 
While the claim on non-invasiveness is self-evident, other positive assumptions 
needed to be substantiated, including proof that introduction of an adhesive tape as 
sample carrier does not adversely affect analysis by contaminating the sample during 
extraction. 
To maintain low variability of material amount sampled factors shown to affect 
adhesion of skin to tape (Lehr et al., 2009) have been standardized. Therefore, in the 
method developed herein, tapes are pressed on the skin for a defined time (15s) with 
a pressure instrument generating a defined force (225g/cm2). 
With reproducibility in mind, we decided against pre-cleaning of the sampling site with 
organic solvents. No data exists to demonstrate that such cleaning would not alter 
the skin lipidome and thus bias analysis. Instead, we decided to remove the topmost 
skin layer with a larger stripping disc of the same manufacturer, thereby likely not 
introducing contaminants into the system. 
The skin amount sampled via tape-stripping was shown to be 62±14 μg as measured 
among 6 subjects (Figure 6). The only other study on the subject matter showed 
comparable results of material amounts sampled per tape area (Dreher et al., 1998). 
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The minute skin amount sampled is not only the reason for the sampling being non-
invasive. It also illustrates the spatial resolution of the method. In plane it is defined 
by the sampling discs diameter (14 mm). The thickness of the sample depends on 
skin cohesion.  It was shown in histological sections that at least 5 stratum corneum 
cell layers are removed by cyanoacrylate stripping (Imokawa et al., 1991). Via 
consecutive tape-stripping this allows sampling of different layers within stratum 
corneum, which can contain tens of layers. Neither preparations of full-thickness 
explants nor scrape biopsies nor in situ extraction facilitate this kind of sampling 
resolution.  
The weighing experiment showed that the skin amount delivered to analysis via tape-
stripping is reproducible. The question was, whether this material amount was 
optimal to achieve maximum lipid coverage. Further, the sample amount must deliver 
lipid quantities within the linear dynamic range of the analysis, which is discussed in 
the section on lipid quantification. 
We showed that the number of detected subspecies was constant, when at 1, 1.5 or 
two tapes from the volar forearm of the same subject were extracted. Likewise, 
material amount was proportionate to the number of tapes used in all lipid classes. 
However, when only half a tape was extracted, some low abundant species, 
especially of the scarce omegahydroxyacyl ceramide EOdS fell below the limit of 
detection (Figure 7). Sample amount collected by one stripping disc ensured that all 
lipid classes were measured proportionally and maximum coverage of lipid species 
was achieved. Therefore, one stripping disc per sample was deemed optimal for all 
other experiments, collecting between 3000-5000 pmol total lipid at the volar forearm. 
Only one study needed a comparably low material amount (Masukawa et al., 2009), 
albeit using single ion monitoring (SIM) for detection, limiting lipid coverage as 
compared to untargeted screening. The other validated tape-compatible LC-MS/MS 
platform (van Smeden et al., 2011) utilized 5-8 tapes, each 4.5 cm2, which surpasses 
the material our platform requires (1.54 cm2) at least 15fold. 
This raises the question, whether a higher sample amount could not have increased 
our lipid coverage. Experiments with the larger D-Squame D100 disc (3.8 cm2) have 
not yielded a significant increase in detected sub-species, but even caused inability 
to detect several omegahydroxyacyl ceramides. This could be explained by the over-
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proportionate amount of non-lipid material on the tape compared to the lipids. Ion 
suppression could then cancel ceramide signals close to noise. 
Ion suppression could also be caused by contaminants from the sampling tape itself. 
However, the comparison of scraped skin samples extracted in presence of a tape 
with scraped skin from the same subject extracted without a tape showed close 
agreement in coverage and quantity of lipids (Figure 8). 
All in all, the tape-stripping method established for shotgun lipidomics enables taking 
samples of unmatched spatial resolution and on one tape delivers sufficient material 
for optimal lipid coverage. 
Lipid extraction 
The purpose of lipid extraction is to bring into solution as many of the lipids present in 
a sample as possible, and ideally not introducing substances. With the method set on 
tape- stripping for sampling, two factors could be optimized: the type of tape and the 
extraction procedure. Several brands of tapes have been used for the investigation of 
skin before. Then most widely used tape for skin lipid analysis was produced by 
Nichiban (Masukawa et al., 2008, 2009; Ishikawa et al., 2010; van Smeden et al., 
2011; Ishikawa et al., 2013; Janssens et al., 2014; van Smeden et al., 2014; Boiten 
et al., 2016; Jia et al., 2016).  Because the production of this brand had been 
discontinued, different brands had to be considered. Other tapes used for lipid 
analysis were Corneofix (t’Kindt et al., 2012) and D-Squame (Shin et al., 2014). We 
decided to develop our platform based on the D-Squame, because of its size, round 
shape and rigidity. These properties allowed placing the D-Squame D101 inside a 
tube in a manner, where it is slightly wedged without the adhesive surface touching 
the tube walls. This is important, because otherwise the sample could be shielded 
from the extraction solvent and not be extracted uniformly from each tape analyzed. 
The stable tape position in the tube was indispensable for robotic extraction. The lack 
of immediate human feedback during robotic pipetting of solvents necessitates a 
stable position of the tape inside the tube to avoid unintentional removal of the tape 
by the robot. We considered it also relevant, that the D-Squame brand was familiar to 
skin researchers, even if mostly in the context of studying stratum corneum disruption 
(Dreher et al., 2005; Breternitz et al., 2007). 
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With the sampling tape set, a compatible extraction procedure was required. Several 
solvents can be used to extract lipids, the most popular being mixtures of chloroform 
and methanol (Folch et al., 1957; Bligh and Dyer, 1959) or more recently methyl-tert-
butyl ether (Matyash et al., 2008). However, our results showed that either of above 
solvents and modifications disrupted the integrity of the tape or dissolved the 
adhesive, generating an extract with inhomogeneous fragments of partly dissolved 
plastic, which could pollute the mass spectrometer when injected. Extraction 
solvents, times and volumes as well as extract collection volumes were modified 
without success. Chromatographic extract separation might have purified the extract, 
as it did when applied by the other groups. However, the additional time required 
would have negated the high throughput performance of the method. The application 
of methanol mixed with water (3:1 or 1:1) to exclude possible hydrophobic tape 
constituents from the extract did not yield positive results.  
More recently, another solvent used for lipid extraction from tape was absolute 
methanol (Masukawa et al., 2008, 2009; Ishikawa et al., 2013; Jia et al., 2016). When 
we applied methanol, indeed neither tapes nor the adhesive were visibly dissolved. 
However, ionization of the sample did not work, as seen in the disrupted ionization-
over-time graph (as in Figure 9, top). In a few cases methanol extracts did yield 
spectra, but they presented with inconsistent coverage and lipid signal intensities, 
indicating the presence of variable quantities of contaminants causing ion 
suppression. Removal of the white tab on the sampling discs, which would discolor 
during extraction and was stipulated to be a contaminant source solved the problem. 
Skin sampling via tape-stripping has not been possible for shotgun lipidomics so far. 
The lack of a chromatographic step before analysis left extracts too contaminated. 
Existing shotgun methods relied on in situ extraction (Shin et al., 2014; Wu et al., 
2016). Combination of fast analysis with a tedious sampling technique created a 
bottleneck, negating the benefits of shotgun MS. The development of our extraction 
compatible with the sampling method addressed this problem successfully. 
Lipid identification 
The confident identification of precursor ions relies on detection with high mass 
accuracy. If the mass deviation of peaks in a measurement is too high, they will be 
excluded by applying a cutoff used to exclude uncertain hits which in this study was 
set to 3 ppm. To lower ppm deviation lockmasses were applied. The lipids chosen as 
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lock mass were PC and EOP. The first ionizes in both positive and negative mode, 
and hence was suitable as lock mass for both mass ranges. It does not interfere with 
native lipid species, because phospholipids are not found as close to the skin surface 
and were not under investigated. The separate mass range for the high-mass 
omegahydroxyacyl ceramides required a dedicated lock mass. The EOP species 
chosen was chosen, because in no measurement has such a short chain species 
ever been observed. The improvement of ppm deviation due to lock mass application 
can be seen in Figure 10. It has proven sufficient to provide the necessary mass 
accuracy of all ceramide sub-classes. 
Confident lipid identification for shotgun mass spectrometry necessitates both, the 
identification of precursor ions, and annotation of unambiguous fragments ions to 
their respective precursors. Alternatively, chemical derivatization of an analyte can 
assure analysis specificity, as has been done in this study with cholesterol (Liebisch 
et al., 2006). Identification of some lipid classes in shotgun lipidomics (TAG, DAG, 
SE, cholestrol), including their fragmentation patterns has already been established 
(Surma et al., 2015) and was directly applied to skin samples. Distinction of the 12 
ceramide sub-classes was established de novo. Ionization and fragmentation was 
investigated on synthetic ceramides for all sub-classes that were available. Extracts 
from scrape biopsy skin were used to characterize commercially unavailable sub-
classes containing 6-hydroxy-sphingosine. 
Corroborating our observation (Figure 11), ceramides have been measured in 
positive (Masukawa et al., 2008; van Smeden et al., 2014) and negative (Raith and 
Neubert, 1998; Hsu and Turk, 2002; Shin et al., 2014; Wu et al., 2016) ionization 
modes before. We have observed precursor ions in both modes as well, and decided, 
to measure ceramides as acetate adducts in negative mode. The rationale for that 
choice is that more peaks of skin extract constituents ionize in positive mode, such as 
the abundant TAG and DAG, increasing the likelihood of ion suppression of 
ceramides, should they be measured in that mode. Additionally, no convenient 
ceramide fragmentation pattern for precursor confirmation has been found for 
protonated precursors in positive mode. 
Fragmentation experiments have resulted in identification of characteristic fragments 
for each ceramide sub-class (Figure 12). They confirm ceramide fragmentation 
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patterns of sub-classes analyzed hitherto (Raith and Neubert, 1998; Hsu and Turk, 
2002; Shin et al., 2014; Wu et al., 2016).  
Lipid quantification 
Lipid quantification relies on internal standards spiked into the sample at the 
beginning of extraction. The selected standards fulfilled the necessary conditions 
(endogenous absence, representative quantity). Ideally, each lipid class is 
represented by its own standard. Not all ceramide sub-classes can be synthesized as 
of today (Shin et al., 2014; Wu et al., 2016). Therefore, current state-of-the art is to 
quantify ceramide sub-classes towards standards which are chemically at least 
similar. Non-hydroxy- and alpha-hydroxy ceramides have been deemed similar 
enough to be quantified against one standard, as they differ at the most by 2 hydroxyl 
groups and one double bond. Omegahydroxyacyl ceramides are thought to behave 
differently and hence require a separate standard (van Smeden et al., 2011). To 
exclude overlap between internal standards and native lipids, deuterated species 
have been applied before (Janssens et al., 2012). Abiding by that strategy our study 
also used two deuterated standards, one for non-hydroxy- and alpha-hydroxy 
ceramides, and one for acyl ceramides. 
 Lipid amounts typically encountered in on sample fall well within the linear dynamic 
range. However, considering that material amount sampled with one tape may vary 
by 20 %, some of the least abundant species in rare cases could fall below the limit 
of quantification. That potentially affects accurate quantification of EOdS, the least 
abundant omegahydroxyacyl ceramide and is illustrated by under proportionate 
representation of species of this ceramide sub-class in samples collected with ½ 
tape. The upper limit of quantification allows for larger variations of sample amount 
as well as physiological variability for the results of all lipid classes to fall within the 
dynamic range. 
Comparison of method reproducibility to other methods is problematic. Method 
reproducibility in this study has been determined for the entire analysis process, 
starting at sampling. The averaged values represent independent samplings and 
measurements. Meanwhile validation for other studies determined reproducibility of 
acquisition only by injecting lipid standards into the spectrometer and omitting the 
sampling and the chromatographic sample separation step (Masukawa et al., 2009; 
van Smeden et al., 2011). Thus, these values (around 10%) cannot be compared to 
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reproducibility of the whole process. Method reproducibility in this study was less 
than 15% for 85% of all species. This value meets the criteria of a good analytical 
method (Booth et al., 2015).  
As expected, there is an inverse correlation between CV and lipid amount 
(Heiskanen et al., 2013; Surma et al., 2015). This can be accredited to some few low 
abundant species falling outside the linear dynamic range of quantification.  
Physiological lipid composition and variability 
Lipidome variability vs sampling depth 
To assess how skin lipidome changes with the depth, we collected samples from the 
left volar forearm from one female and one male through sequential layer by layer 
stripping – including the topmost – until the 20th layer and measured their lipid 
composition. 
The lipid amount relative to sampling depth shows a marked decrease (Figure 15). 
This could be explained either by a higher mass of skin sampled from the topmost 
layers (Breternitz et al., 2007), by a higher proportion of lipids to other constituents 
within these layers or by a combination of both. A previous study on three subjects 
tape-stripped sequentially until the 20th layer showed that sample weight collected by 
CUDERM tapes within the first layers is doubled in comparison to deeper layers 
(Dreher et al., 1998). However, the observed surplus of lipid amount in the uppermost 
layers compared to deeper layers is greater than would have resulted from the 
reported differences in sample weight. This suggests that the uppermost layers while 
more abundant in mass, are enriched in lipids compared to deeper samples. The 
topical excretion of sebaceous lipids could account for this observation as sebum 
lipids were shown to surpass stratum corneum lipids on the skin surface over tenfold 
by weight (Greene et al., 1970; Lampe et al., 1983b). 
This raises the question, whether lipid classes representative of sebum penetrate into 
deeper stratum corneum layers. In both subjects, we observe a marked decline in the 
relative amount of TAGs and DAGs, jointly accounting for half of the known sebum 
lipids on average (Pappas, 2009), following the decrease in total lipid amount (Figure 
16 and Figure 17). This supports the notion of sebum lipid penetration into the SC 
down to the 5-7th layer, where TAGs and DAGs levels reach their plateaus.  
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Ceramides are known to be synthesized deep within SC (Rabionet et al., 2013) and 
are not a sebum constituent, which fully accounts for the observed ceramide 
sampling depth gradient direction. Likewise, cholesterol constitutes as much as one 
third of the SC lipids, and only a small fraction of the sebum lipids (Pappas, 2009), 
which is reflected in our data in its lower relative amount at the skin surface. 
Cholesterol esters were previously reported in stratum corneum (Lavrijsen et al., 
1994) as well as in sebum (Pappas, 2009) and this is corroborated by our 
measurements, where the relative amount of cholesterol esters decreased in the 
topmost layers and increases again below the 5-7th stripping layer. Investigating the 
relationship between individual species of cholesterol esters and sampling depth we 
observed short-length fatty acid species being more abundant at or exclusive to the 
topmost layers (Figure 18). This indicates that different, preferentially shorter 
cholesterol ester species are of sebaceous origin, whereas others, mostly longer 
species stem from the stratum corneum proper. 
With the principal component analyses (PCA) using all lipids as input, we were able 
to separate samples from the first five (female) and six layers (male) from deeper 
samples. Separation along principal component 1 (PC 1) corresponds to sampling 
depth, but samples from deeper layers do not follow this trend (Figure 19 and Figure 
20). The previously observed sebum lipid enrichment in the upper layer samples led 
us to postulate that mostly sebum lipids are driving the separation with respect to 
sampling depth. To test this hypothesis we again performed the PCA but including 
only ceramides as input (Figure 21 and Figure 22). Here, the distinction of the 
samples by layer was limited to the first two (female) or three (male) tape-strippings. 
Results might be affected by the method sampling method itself. First, the tape 
stripping-sample contains not only interstitial lipids, but corneocytes as well. 
Whatever lipids they may contain, it is likely that they are part of analysis. This could 
explain why the amount of TAG levels out below layer 5-6. Another reason could lie 
in the microanatomy of skin. Sebaceous ducts pass through the entire stratum 
corneum, and sequential tape-stripping necessarily samples all of them within the 
sampling area in each layer.  
Notwithstanding, the above data permits the conclusion that in both subjects skin lipid 
composition at the volar forearm varies discernably with sampling depth. The 
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discriminating lipids originate from the skin surface and are of sebaceous origin. The 
ceramide profile is less variable with respect to sampling depth. 
Sampling via consecutive stripping gave insight into the depth profile of sebaceous 
lipids down to the 20th tape-stripping layer of the volar forearm skin. We observed 
pronounced depth dependent gradients in total lipid amounts and lipid composition. 
Most surprisingly, up to 5-7th topmost tape-stripping layers, lipids of sebaceous origin 
constitute a larger part of the total lipidome than ceramides and cholesterol. In turn, in 
deeper samples cholesterol amount increases to become the most abundant lipid. 
Re-evaluation of the relation between lipid content and corresponding morphological 
features and functional parameters (transepidermal water loss, hydration), including 
different sampling sites, could prove insightful for establishing a role of individual 
lipids in skin functions. 
Intra-individual lipidome variability 
The anatomical lipidome variability observed in this study was large (104 and 81% for 
male and female subject respectively, Figure 23). However, such differences in a lipid 
content of skin from various body parts have been observed before (Lampe et al., 
1983b; Pagnoni et al., 1994). The observation that lipid composition differs between 
sites in similar fashion in both subjects as illustrated by the high and statistically 
significant Spearman correlation, suggests that lipid amount is indeed site specific. 
This analysis illustrated that in both subjects the lipid profiles at any particular 
sampling site (i.e. within a triplicate) are more similar to one another than to lipid 
profiles at other sampling sites. It also indicates that skin on the forehead, cheek and 
to some degree from the pectoral region and shoulder blade is distinct from skin 
sampled from any of the other ten body sites as seen on the PCA (Figure 24 and 
Figure 25).  
As face and back were shown to contain a high amount of triglycerides (Greene et 
al., 1970) and the face features the highest density in sebum glands (Mills, Jr. and 
Kligman, 1983), this led us to propose, that the facial samples, together with samples 
along the neckline (pectoral region and shoulder blade) are distinct from all other 
body sites primarily because of sebaceous lipids. Indeed, a cluster analysis of the 
samples considering only sebum lipids (TAG, DAG) confirms the same tight 
association of the facial samples and to some degree also the neckline samples 
(Figure 26 and Figure 27). This finding holds true when investigating the similarity of 
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both subjects jointly. Facial and neckline samples from male and female (except from 
the male shoulder blade) all fall into one super-cluster. Again, this similarity can be 
attributed fully to sebaceous lipids (Figure 28). 
In summary, we showed the applicability of our method to skin of the entire human 
body. We observed site-specific differences in total lipid amounts as well as distinct 
lipid profiles. Skin at the investigated body sites differs predominantly by the content 
of sebaceous lipids, which are the major factor responsible for sample separation and 
clustering. 
The intra-individual variability between the 14 sites analyzed on one male and one 
female subject was large, both in terms of absolute lipid amounts and lipid 
composition. The variability within triplicate samples on the other hand was 
comparatively small, illustrating both method reproducibility and a local biological 
lipidome stability sufficient to establish lipid profiles characteristic for the surveyed 
sites.  In both subjects, we observed that facial and neckline samples sites are more 
similar to one another than samples from other body regions. Similarities and 
differences between sampling sites were accredited to sebaceous rather than to 
stratum corneum lipids. 
Inter-individual lipidome variability 
Inter-individual variability was considerable, as observed in other studies (Norlén et 
al., 1999). A previous investigation of human epidermis also discovered a decline of 
triglycerides in older subjects, as compared with younger ones (De Paepe et al., 
2004), which was further corroborated by the study on 110 women where it was 
shown that the sebum amount decreases with age (Wendling and Dell’Acqua, 2003). 
The indifference of ceramide content to age in skin has been observed before 
(Denda et al., 1993), but reports drawing the opposite conclusion have also been 
published (Rogers et al., 1996). A possible explanation for gender-specific, age-
dependent depletion of sebaceous lipids might be connected to hormonal regulation 
of sebum secretion (Thiboutot, 2004). It was shown, that at increasing age eccrine 
glands are either reduced in number or in functional capacity (Fenske and Lober, 
1986). This could account for the pronounced decline of both absolute and relative 
amounts of sebaceous lipids among older women.  
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This raised the question, whether the volar forearm lipidomes of males and females 
are unique enough to allow sex-specific differentiation of samples. Neither principal 
component analysis (Figure 33), nor statistical modeling (Figure 34) could support 
that. This finding is in line with a recent study, which did not find distinguishing 
features between skin ceramides of adult men and women (Jia et al., 2016). 
Despite best efforts to control all factors influencing skin lipidome variability, it is 
conceivable that the high variation of lipid amount observed is at least partly caused 
by the lack of control of exogenous factors. The most likely reasons would be a lack 
of control over the subjects’ actual hygienic conduct, varying occlusion, various 
degrees of desquamation caused by external influence at the sampling site. These 
factors would affect sebaceous lipid variability stronger then stratum corneum lipid 
variability, because site of the influence of said factors is the very skin surface, where 
sebaceous lipids constitute the majority of all lipids. It is also conceivable that some 
subjects could be afflicted by a skin disease at a sub-clinical stage, too subtle to be 
detected during the dermatological screening preceding skin sampling, but sufficient 
to affect the skin lipidome. 
To compensate for above uncontrolled sources of inter-individual lipidome variability 
a high number of subjects were tested. Any systematic trend emerging within the 
data confirmed that the changes observed occurred and were statistically significant 
despite said sources of bias. 
In summary, our study revealed large inter-individual variability of skin lipidomes in 
samples collected from the volar forearm, comparable in magnitude to the intra-
individual variability as measured at 14 sites on one male and one female. Both 
absolute and relative amounts of sebaceous lipids were observed to decrease with 
increasing age, especially among females. 
The assessment of inter-individual lipidome variability in volar forearm samples 
collected from 104 subjects revealed a negative correlation between total lipid 
amount and age for females. With increasing age the fraction of sebaceous lipids 
decreased, while the cholesterol fraction rose and this phenomenon was more 
pronounced among females then among males. However male and female samples 
could not be distinguished by their lipidomes. 
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General discussion 
In this study, we developed a method for analysis skin lipids, which combines 
advantages of shotgun lipidomics with benefits of tape-stripping, to produce 
quantitative skin lipidomes of unprecedented coverage. For the first time, stratum 
corneum lipids and lipids representing the majority of the sebum were analyzed 
simultaneously down to the level of sub-species. The linear dynamic range of the 
method proved sufficient to accommodate for the variability of all analyzed samples.  
The method integrates analysis of sebaceous and stratum corneum lipids. However, 
it does not cover all lipids known to occur in this tissue. Notably, free fatty acids are 
absent due to intrinsic problems in analyzing them in shotgun MS. Squalene and wax 
esters, which are both sebum constituents, are yet to be included into analysis. 
However, at present this method generates more data that has ever been evaluated 
in the field of skin lipid analysis. The biological significance of one particular lipid 
class, represented by a handful of species remains to be shown. Given the immense 
variety of lipid classes, sub-classes, species and sub-species, it is more likely, that 
changes in lipidome in response to any stimulus be it external or of pathological 
nature will affect a whole network of lipids. Notwithstanding, expansion of analysis to 
other lipid classes remains a goal. 
To illustrate the capabilities of the method, we conducted a large-scale survey 
addressing three questions: how do skin lipid profiles change with respect to 
sampling depth; how variable are lipidomes of skin collected at various sampling sites 
of a body; and how do lipid profiles vary in volar forearm samples depending on age 
and gender of different subjects. 
The most profound finding about the physiological skin lipidome of this study is the 
prominent role of sebaceous lipids in stratum corneum. They are highly abundant, 
especially closer to the stratum corneum surface. This has been observed at an early 
stage of skin lipid research (Greene et al., 1970), but not followed up since. The 
realization that sebum considerably contributes to stratum corneum composition, and 
that it penetrates the upper layers may have implications on skin microanatomy. 
Widespread occurrence of sterically large TAG and DAG may well influence on 
lateral lipid packing as well as vertical cohesion of the lipid bilayers in the stratum 
corneum. By extention, it is reasonable to assume that this could influence functional 
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skin parameters such as TEWL and hydration, which has been investigated for 
stratum corneum lipids, but not for sebaceous lipids. 
Skin lipidome variability as assessed in this study is high and mainly driven by 
sebaceous lipids. Not only do they form a vertical gradient within SC, but vary greatly 
between anatomical sites and tend to decrease at old age. High physiological 
lipidome variability must be considered, when interpreting data concerning other 
factors influencing skin lipids. Observed changes are only meaningful, if they 
supersede physiological lipid fluctuation. That applies to changes caused by external 
factors as well as by skin diseases. 
It is difficult to compare results of this study with other research in the field, because 
methods applied vary profoundly (Table 1). A different approach at any given method 
step could and does result in a different lipid measurement. Researchers who chose 
to clean sampling sites with organic solvents before sampling by default will not 
measure intact sebum lipid profiles. Using full thickness skin explants, even 
processed to contain only one skin stratum (i.e. stratum corneum or granulosum) will 
contain results on averaged lipid composition within said strata, but not resolved to 
separate layers. Various extraction protocols applied influence which lipid classes are 
delivered to analysis more efficiently. Lipid coverage is also dependent on which 
analysis technology has been applied. Likewise, analysis depth – the degree to 
which structural information on lipids can be delivered – varies widely. Lipid 
quantification has been approached in different manner as well and validated only in 
a few studies.  
Additionally, a number of factors have been identified, which might influence skin lipid 
composition. Skin surface lipids may vary in response to outside stimuli (De Paepe et 
al., 2004). Some of them are related to hygienic and cosmetic routines of prospective 
study subjects. Others originate from environmental factors, such as season, time of 
day or exposure to sunlight. Hygienic and cosmetic routines could potentially both 
increase or decrease skin surface lipid amounts. A large study has documented the 
removal of skin lipids by detergents of soaps used at the time (Kirk, 1966). Other 
studies investigated the potential of disrupting stratum corneum lipids to surfactants 
presently used in cosmetics (Froebe et al., 1990; Lodén, 2003). On the other hand, a 
widely accepted approach in cosmetic formulation strives to replace skin barrier 
lipids. Administration of such products could introduce lipids to the stratum corneum 
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(Feingold, 2007). Skin lipids also were found to vary with season. One study reported 
the decrease of ceramides and cholesterol in winter in comparison to summer, as 
well as a depletion of the EOS constituent linoleate (Rogers et al., 1996). Another 
more recent study claimed a decrease of select ceramide classes at select 
anatomical site in winter time (Ishikawa et al., 2013). Additionally, circadian rhythm 
was shown to affect skin surface lipids. Sebum secretion apparently follows a 
sinusoidal pattern with the amplitude of 30% around the daily mean and a maximum 
around early afternoon (Le Fur et al., 2001).Exposure to sunlight can impact skin 
lipids. The total lipid amount extracted from sites irradiated with UV light was shown 
to be higher than the control sight, especially due to TAG quantity elevation (Wefers 
et al., 1990). Skin lipid measurement studies have been addressing factors 
influencing lipid composition to a different extent, thus further complication direct 
comparison.  
This study raises important issues for future comparative skin lipidomic study design. 
Firstly, our study demonstrates the importance of the choice of sampling site and 
sampling depth. Depending on the objective of the study, these parameters along 
with age of the subjects must be controlled because their influence on measured 
lipidomes is dominant. Secondly, high lipidome variability makes it difficult to 
establisha general skin lipidome baseline, and comparisons should rather be made 
between adjacent sampling sites of the same subject. Therefore, in intervention 
studies topical drugs or agents should be applied to one skin site, while preferentially 
an adjacent, untreated site should be chosen as a negative control. These sites 
would then be tape-stripped and their lipidomes analyzed. 
Conclusions 
Broad lipid coverage, absolute quantification and high-throughput makes shotgun 
mass spectrometry based skin lipidomics a well-suited tool for rigorous and 
systematic studies of various topics, such as: characterization of skin disorders, 
influence of drugs on the skin lipidome; the action of substances influencing skin lipid 
metabolism or the skin microbiome-lipidome relation; impact of cosmetic substances 
on a skin lipidome with respect to their efficacy claims; and many others. 
The occurrence of several skin diseases was reported to correlate with changes in 
the skin lipidome. Atopic dermatitis (AD) it the most thoroughly researched skin 
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disease correlating with altered skin lipidome profiles. It is an inflammatory skin 
disorder affecting 15-20% of children and ca. 3% of the adult population worldwide 
(Nutten, 2015). Correlation between changes of lipid amounts in skin and the 
occurrence of AD have been investigated by numerous studies (Melnik et al., 1988; 
Imokawa et al., 1991; Yamamoto et al., 1991; Murata et al., 1996; Di Nardo et al., 
1998; Bleck et al., 1999; Farwanah et al., 2005; Janssens et al., 2012). As different 
methods have been used, results are not fully consensual. Application of shotgun 
skin lipidomics could contribute to clarify lipid involvement in this disease. 
Additionally, AD is one of several types of dermatitis as classified by location, 
appearance or possible cause. The abundance of different types of dermatitis 
exhibiting similar symptoms while having different etiology and requiring different 
treatment, underscores the difficulty and significance of differential diagnostics in this 
field (Ruocco et al., 2011). 
A number of other skin disorders are good candidates for lipidomics reevaluation. 
Lamellar Ichthyosis was investigated using TLC without the means to resolve all 
ceramide sub-classes at the time. However, it was shown that ceramide 2 was 
elevated, while ceramides 4 and 5 were depleted in ichthyosis patients (Lavrijsen et 
al., 1995). Lipid involvement in Gaucher disease was first studied in a mouse model 
(Holleran et al., 1994). It was shown that afflicted animals have a -
glucocerebrosidase deficiency, which inhibits one of the two main synthesis 
pathways of ceramide synthesis from glucosylceramide (Rabionet et al., 2013). 
Consequently, glucosylceramide accumulation and ceramide depletion was 
observed. This finding was later proposed to distinguish the milder type 1 and 3 of 
Gaucher disease from the more severe type 2 form (Sidransky et al., 1996). 
Sebaceous lipids are part of the pathophysiology of acne vulgaris. One of the main 
factors of this highly prevalent disorder (29.9%) (Schäfer et al., 2001) is the 
hyperseborrhea - excessive production of sebum in glands, as demonstrated in a 
twin study (Walton et al., 1988). A recent study reported stratification between mild, 
moderate and severe juvenile acne based on DAG composition on species level. 
Altogether, the lipid involvement in skin diseases demonstrates that introduction of 
high-throughput lipdomics could clearly benefit differential diagnostics in 
dermatology. 
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Skin lipidomics could also be applied in the cosmetic industry. It could deliver 
substantiation of any cosmetic claim based upon changes of skin lipid composition. 
This applies to all claims involving skin barrier maintenance from within and 
protection from adverse exogenous threats, as well as claims related to skin hygiene. 
Skin barrier protection from within can be achieved either by replacement or 
enrichment of endogenous skin constituents or by the application of active 
substances stimulating endogenous synthesis of said constituents. 
Therefore, claims like “skin barrier strengthening”, “re-generating”, “replenishing”, 
“restructuring”, “re-balancing” could be substantiated by data based on skin 
lipidomics. This technology provides the means to detect the actual compositional 
cause of a beneficial effect. 
Hygienic product claims mostly involve demonstration of good cleansing, scrubbing, 
peeling or exfoliating properties, as well as mildness of the product towards skin. Skin 
lipidomics could offer an all-in one solution to directly measure to which extent a 
personal hygiene product removes skin surface lipids while leaving skin barrier intact. 
The effect of scrubs, peelings and exfoliating agents on the skin barrier could be 
measured directly. Efficacy of anti-seborrheic and seboregulatory products on the 
quantity and composition of sebaceous lipids on and within skin could be assessed. 
Since we showed that age correlates with changes in skin lipid composition anti-
aging claims could be substantiated. If the product influences skin barrier properties, 
then skin lipidomics is the most direct way to prove its efficacy. 
Hence, skin lipidomics offers an unprecedented means of validated scientific claim 
support to a wide range of cosmetic products. 
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Abstract 
The human skin surface contains considerable amounts of different lipids, both 
synthesized in deeper skin layers and migrating upwards (stratum corneum lipids), or 
generated in sebaceous glands and secreted on the skin surface (sebaceous lipids). 
Jointly the entirety of all skin surface lipids (SSLs) can be referred to as the skin 
lipidome. 
The composition of the skin lipidome is known to vary considerably. Lipids are 
product of several complex synthesis pathways, interconnected with the body’s 
metabolism. As such, lipid amounts may vary in response to what is happening inside 
of us. Lipid variations can be most pronounced when occurring in skin disorders, 
either as etiological cause or as effect, causing altered skin barrier properties. But 
certainly there is a range of variation in SSL amount which could be described as 
physiological. 
Attaining better knowledge of the physiological skin surface lipid variability is the 
purpose of this work for two main reasons. The first fundamental reason is to better 
understand skin biology. As major epidermis constituent, SSL composition and 
variability defines certain aspects of skin microanatomy, physiology and determines 
crucial skin properties. The second motivation is to acquire the ability to recognize 
what characterizes a sick skin lipidome. To this end, one must know how much a 
healthy skin lipidome can vary. 
To assess skin lipidome composition and variability, we developed and validated a 
quantitative high-throughput shotgun mass spectrometry-based platform for lipid 
analysis of tape-stripped stratum corneum (SC) skin samples. It features coverage of 
16 lipid classes; total quantification to the level of individual lipid molecules; high 
reproducibility and high-throughput capabilities. 
With this method, we conducted the hitherto largest lipidomic survey of 268 human 
SC samples, where we investigated the relationship between sampling depth and 
lipid composition, lipidome variability in samples from 14 different sampling sites on 
the human body and finally, we assessed the impact of age and sex on lipidome 
variability in 104 healthy subjects. 
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Zusammenfassung 
Die menschliche Hautoberfläche enthält beträchtliche Mengen unterschiedlicher 
Lipide. Sie werden entweder in tieferen Hautschichten synthetisiert und wandern im 
Zuge der Hautdifferenzierung/Desquamation nach oben (stratum corneum lipide), 
oder entstehen im Inneren von Talgdrüsen und werden auf der Hautoberfläche 
ausgeschieden. Zusammen kann die Gesamtheit aller Hautoberflächenlipide als 
Hautlipidom bezeichnet werden. 
Ein besseres Verständnis der Variabilität von Hautoberflächenlipiden ist aus zweierlei 
Gründen das Ziel dieser Arbeit. Die erste Motivation ist ein besseres Verständnis der 
Hautbiologie an sich. Als wichtiger Bestandteil der Epidermis definieren 
Hautoberflächenlipide bestimmte Aspekte der Hautmikroanatomie und –physiologie 
und determinieren zentrale Hautparameter. Die zweite Motivation ist die Erlangung 
der Fähigkeit ein krankes Hautlipidom erkennen zu können. Dazu muss man wissen 
wie ein gesundes Hautlipidom variieren kann. 
Die Zusammensetzung des Hautlipidomes unterliegt erheblichen Schwankungen. 
Lipide sind das Produkt mehrerer komplexer, miteinander verbundener 
Synthesewege des Stoffwechesl. Als solche können ihre Mengen auf Prozesse im 
menschlichen Körper reagieren. Lipidschwankungen können besonders ausgeprägt 
sein, wenn sie im Zuge einer Hautkrankheit, als ethologischer Faktor oder als Folge 
auftreten, und damit Barriereeigenschaften der Haut beeinflussen. Aber mutmaßlich 
gibt es auch einen Schwankungsbereich, der als physiologisch einzuordnen wäre. 
Zur Vermessung der Hautlipidomzusammensetzung und –variabilität haben wir eine 
Technologie entwickelt und validiert, die der quantitativen, Hochdurchsatz-Shotgun-
Massenspektrometire von Tape-stripping Oberhautproben basiert. Sie ermöglicht die 
Quantifizierung von 16 Lipidklassen bis runter auf Mengen individueller molekularer 
Lipidspezies, und ist dabei reproduzierbar und hochdurchsatzfähig. 
Mit dieser Technologie haben wir die bis heute umfangreichste Hautlipidom-Studie 
unter Einbeziehung von 268 menschlicher Oberhautproben durchgeführt. Wir haben 
den Zusammenhang zwischen Tiefe der Probenentnahme und der 
Zusammensetzung der Hautlipide, die Lipidomvariabilität an 14 unterschiedlichen 
anatomischen Loci, sowie die Populationsvariabilität des Hautlipidoms innerhalb von 
104 Probanden untersucht. 
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